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ABSTRACT OF DISSERTATION

A COMPUTATIONAL STUDY OF PATCH IMPLANTATION AND MITRAL
VALVE MECHANICS
Myocardial infarction (i.e., a heart attack) is the most common heart disease in the United
States. Mitral valve regurgitation, or the backflow of blood into the atrium from the left
ventricle, is one of the complications associated with myocardial infarction. In this
dissertation, a validated model of a sheep heart that has suffered myocardial infarction has
been employed to study mitral valve regurgitation. The model was rebuilt with the
knowledge of geometrical changes captured with MRI technique and is assigned with
anisotropic, inhomogeneous, nearly incompressible and highly non-linear material
properties. Patch augmentation was performed on its anterior leaflet, using a simplified
approach, and its posterior leaflet, using a more realistic approach. In this finite element
simulation, we virtually installed an elliptical patch within the central portion of the
posterior leaflet. To the best of the author’s knowledge, this type of simulation has not been
performed previously. In another simulation, the effect of patch within the anterior leaflet
was simulated. The results from the two different surgical simulations show that patch
implantation helps the free edges of the leaflets come close to one another, which leads to
improved coaptation. Additionally, the changes in chordal force distributions are also
reported. Finally, this study answers a few questions regarding mitral valve patch
augmentation surgeries and emphasizes the importance of further investigations on the
influence of patch positioning and material properties on key outcomes. The ultimate goal
is to use the proposed techniques to assess human models that are patient-specific.

KEYWORDS: Mitral valve, Finite Element Simulation, Patch Augmentation, Myocardial
Infarction

Dara Singh
(Name of Student)
05/10/2019
Date

A COMPUTATIONAL STUDY OF PATCH IMPLANTATION AND MITRAL
VALVE MECHANICS

By
Dara Singh

Jonathan F Wenk
Co-Director of Dissertation
Keith Rouch
Co-Director of Dissertation
Alexandre Martin
Director of Graduate Studies
[05/10/2019]
Date

ACKNOWLEDGMENTS
I am truly grateful to my wife, Kristin and to my mother for their immeasurable
love, care, and support, and for keeping me motivated throughout this dissertation.
I would like to express my deepest thanks to my adviser, Dr. Jonathan F. Wenk,
who has always been supportive and helpful to me in the past and now. I have received a
really great assistance from him in my PhD studies.
I am also highly grateful to the Dr. Mark Ratcliffe, Dr. Yue Zhang and Dr. Vicky
Wang, from University of California, San Francisco, for their support and guidance.
I greatly appreciate the input from Dr. Morten Jensen at the University of
Arkansas for his insights on patch augmentation.
I would also like to thank my lab mates Dr. Amir Nikou and Dr. (Austin) Zhanqiu
Liu who helped me a lot during these years.

iii

TABLE OF CONTENTS

ACKNOWLEDGMENTS ................................................................................................. iii
LIST OF TABLES ............................................................................................................. vi
LIST OF FIGURES .......................................................................................................... vii
CHAPTER 1. INTRODUCTION ...................................................................................... 1
CHAPTER 2. BACKGROUND ........................................................................................ 9
2.1 Anatomy and Physiology ........................................................................................ 9
2.1.1 The Cardiovascular System ............................................................................ 9
2.1.2 The Heart ........................................................................................................ 9
2.1.3 Blood Vessels.................................................................................................. 9
2.1.4 Coronary Circulation .................................................................................... 10
2.1.5 Heart as a pump ............................................................................................ 11
2.1.6 The Ventricular Cycle ................................................................................... 15
2.1.7 Ejection Fraction ........................................................................................... 15
2.1.8 Mitral Valve Structure .................................................................................. 16
2.1.9 Mitral Valve Regurgitation ........................................................................... 17
2.2 Mechanics ............................................................................................................. 19
2.2.1 General Deformation .................................................................................... 19
2.2.2 Strain Energy Function and the Stress Tensor .............................................. 21
CHAPTER 3. MATERIALS AND METHODS .............................................................. 25
3.1 Parameter Analysis of the Holzapfel and Ogden Law .......................................... 25
3.1.1 Animal Data .................................................................................................. 26
3.1.2 Image processing and MRI acquirement ...................................................... 26
3.1.3 Finite Element Model Development ............................................................. 27
3.1.4 Holzapfel and Ogden‘s Constitutive Model ................................................. 29
3.1.5 Optimizing Variables .................................................................................... 32
3.2 Fiber Angle Sensitivity Analysis in LV ................................................................ 35
3.2.1 Left Ventricle regional discretization ........................................................... 35
3.3 Patch Augmentation in Anterior Mitral Valve...................................................... 36
3.3.1 Myocardial infarction.................................................................................... 38
3.3.2 MRI and Image Analysis .............................................................................. 38
3.3.3 Material Response ......................................................................................... 39
3.3.4 Finite Element Model ................................................................................... 40
3.3.5 Constitutive models ...................................................................................... 41
iv

3.3.6

Anterior Mitral Valve Patch Simulation ....................................................... 43

3.4 Patch Augmentation in Posterior Mitral Valve ..................................................... 44
3.4.1 Method .......................................................................................................... 45
3.4.2 Constitutive Equations .................................................................................. 46
3.4.3 Posterior Mitral Valve Patch Construction ................................................... 46
CHAPTER 4. RESULTS AND DISCUSSIONS ............................................................. 51
4.1 Parameter Analysis of the Holzapfel and Ogden Law .......................................... 51
4.2 Parameter Analysis with Varied Fiber Angles and LV Segmentation ................. 52
4.3 Anterior patch modelling ...................................................................................... 56
4.3.1 Sensitivity to variation in overall stiffness.................................................... 58
4.3.2 Sensitivity to variation in the ES patch area ................................................. 60
4.3.3 Sensitivity to variation in directional stiffness.............................................. 61
4.4 Posterior patch modelling ..................................................................................... 63
4.4.1 Variation in stiffness and thickness stiffness ................................................ 69
4.4.2 Variation in the patch area ............................................................................ 72
4.4.3 Stress Variation in the Leaflets ..................................................................... 73
CHAPTER 5. CONCLUSIONS....................................................................................... 75
5.1 Parameter Analysis of the Holzapfel and Ogden Law .......................................... 75
5.2 Parameter Analysis with Varied Fiber Angles and LV Segmentation ................. 75
5.3 Patch Augmentation in Anterior Mitral Valve...................................................... 76
5.4 Patch Augmentation in Posterior Mitral Valve ..................................................... 76
CHAPTER 6. LIMITATIONS AND FUTURE PLAN ................................................... 78
6.1 Left Ventricle Simulations .................................................................................... 78
6.2 Patch Augmentation Simulations.......................................................................... 78
REFERENCES ................................................................................................................. 80
VITA ................................................................................................................................. 86

v

LIST OF TABLES
Table 3.1 Material properties for various regions in myocardium for the model used in
anterior mitral valve patch implantantion. The passive parameters [17]are C (KPa),
bf, btand bfs,and the active contraction parameter [37] is Tmax(KPa). ................ 42
Table 3.2 Quapp and Weiss’s [63]material parameter used to describe material properties
of a mitral valve. The subscript, “cir” and “rad” refers to circumferential and radial
directions, respectively. ............................................................................................ 43
Table 3.3 Material properties for various regions in myocardium for the model used in
posterior mitral valve patch implantation. The passive parameters [17] are C (kPa),
bf, btand bfs,and the active contraction parameter [37] is Tmax(KPa). ................ 46
Table 4.1 Material properties for various forms of Holzapfel and Ogden’s model. All a’s
have the dimension of stress (kPa) and all b’s are dimensionless. ........................... 51
Table 4.2 Material properties for various forms of Holzapfel and Ogden’s model. All a’s
have the dimension of stress (kPa) and all b’s are dimensionless. ........................... 53
Table 4.3 Fiber angle variation in the four segments of the left ventricle. The variation is
linear from endocardium to epicardium and the values show the angles on the free
surface endocardium and epicardium, respectively. ................................................. 54
Table 4.4 Random fiber angle assignment to the four segments of the left ventricle and
their corresponding MSE values. .............................................................................. 56

vi

LIST OF FIGURES
Figure 2.1 Cross-section of an artery. Image credited to Bausen.com staff [41], from
WikiJournal of Medicine (open source). .................................................................. 10
Figure 2.2 Coronary blood vessels. Image credited to Bausen.com staff [41], from
WikiJournal of Medicine (open source). .................................................................. 11
Figure 2.3 Cross-section of a human heart. Image credited to Bausen.com staff [41], from
WikiJournal of Medicine (open source). .................................................................. 12
Figure 2.4 Cross-section of a heart wall. Image credited to Bausen.com staff [41], from
WikiJournal of Medicine (open source). .................................................................. 14
Figure 2.5 Representation of systole and diastole Pressure and volume versus time in
different chambers of human heart [42]. LV stands for left ventricle and RV stands
for right ventricle. S1, S2, S3 and S4 are the sound produced by the heart valves. S1
and S2 are dominate and are produced by snap shut of the valves while S3 and S4 are
less dominate and produced by the opening of the valves. This image is credited to
Wikimedia Commons (open source) [42]. ................................................................ 16
Figure 2.6 The two leaflets of mitral valve, namely; the anterior leaflet below the aortic
valve, and the posterior leaflet. The latter is composed of three scallops: P1, P2, and
P3. At the leaflet edges, the chordae tendineae anchors the leaflets to the papillary
muscles (shown by PM) that attaches to the left ventricular wall. Image from Levin et
al. [43], with permission from Nature Reviews Cardiology. .................................... 17
Figure 2.7 Schematic view of the mechanism underlying in ischaemic mitral
regurgitation. Ischaemic mitral regurgitation caused by increased mitral leaflet
tethering owing to left ventricular structural changes after myocardial infarction
(shaded wall) with outward bulging (three arrows on the outer surface of the heart).
Leaflet closure is restricted by increased tethering forces on the leaflets exerted
through the chordae tindeneae (arrows within the heart, exceeding normal on the left).
Image from Levine et al. [43], with permission from Nature Reviews Cardiology. 18
Figure 2.8 Schematic deformation of a body and its representation in two different
configurations. This image is credited to Sapnaz and can be reached at Wikimedia
Commons (open source) [46].................................................................................... 22
Figure 2.9 Transmural cross section of the myocardium tissue. 𝑓0 represents the fiber
direction in unreformed configuration, 𝑠0 represents the sheet direction (also referred
to as cross-fiber direction) and 𝑛0 represents normal direction. These three directions
form a set of orthogonal vectors. Image from Holzafpel and Ogden [22], with
permission from The Royal Society Publishing. ...................................................... 23
Figure 3.1 Short axis of 3D SPAMM image.................................................................... 27
Figure 3.2 Pressure versus time collected from LV catherization. Early diastole and enddiastole are highlighted ............................................................................................. 28
Figure 3.3 The reference model seen from the long axis and short axis view. ................ 28
Figure 3.4 One to one mapping between the MRI acquired data with the FE model. ...... 34
Figure 3.5 Mesh generated for finite element analysis with TrueGrid software. Note that
the walls are three element thick. R denotes radial axis, L denotes longitudinal axis
vii

and C shows the circumferential axis. (A) Depicts the cross-section view and (B)
illustrates the top view. The star shows the starting point of elements and the element
number are counted w.r.t. starting element in the circumferential direction, as shown.
The 4 segments are defined such that anterior segment is segment 1, lateral segment
is segment 2, posterior segment is 3 and septal segment is segment 4. .................... 37
Figure 3.6 FE model of the left ventricle used to simulate the anterior patch with important
regions labeled. In the coordinate system shown, l, r and c stands for the longitudinal,
radial and circumferential directions, respectively. .................................................. 37
Figure 3.7 A: Short-axis MRI slice with counter lines B: Long-axis MRI slice with counter
lines. Image from Guccione et al. [59], with permission from The Journal of Thoracic
and Cardiovascular Surgery. ..................................................................................... 39
Figure 3.8 Finite Element model showing the LV of the heart in underfomed configuration
used to simulate patch augmentation on the anterior leaflet. On the right is the
components attached to the MV leaflets that position the valves from inside through
the chords and the papillary muscles. The radial and circumferential directions are
also illustrated on the anterior leaflet of mitral valve. Note that papillary muscles are
attached to the inner wall of the LV.......................................................................... 44
Figure 3.9 Finite Element model showing the LV of the heart in underfomed configuration
used to simulate patch augmentation on the posterior leaflet. The posterior leaflet is
shown by pink colored elements. .............................................................................. 45
Figure 3.10 A: Actual pericardial patch sutured into the leaflet of sheep MV for in vitro
study of chordal force viewed from the left atrium. B: Viewed from the atrium after
injection of pressurized water with prolapse. Image from Granier et al. [34], with
permission from The Journal of thoracic and cardiovascular surgery. ..................... 48
Figure 3.11 The construction stages of the FE model used to simulate posterior patch
augmentation surgery. The shell elements representing the posterior leaflet were
refined and a series of those elements were deleted to make a slot of length 25 mm,
as shown in the middle. The final model is attached to a patch whose main axis is
coaxial with the slot and its minor axis is half the size of its major axis. Suture chords
that anchor the patch to the leaflet is shown in light blue. ........................................ 49
Figure 4.1 Principle stress variation along the circumference of the left vertricular wall, at
different regions. ....................................................................................................... 54
Figure 4.2 A: Deformed configuration of the reference model with no patch B: deformed
configuration of model with patch segment on it ..................................................... 57
Figure 4.3 The deformed shape of the reference model is shown with solid lines,
superimposed on the defomed configuration of the patch model shown in wired lines.
................................................................................................................................... 58
Figure 4.4 Change in force sustained by the set of strut chords connecting to anterior and
posterior leaflets at end diastole when isotropic stiffness 𝐶1 varying from 10 kPa to
1000 kPa. Note that 300 kPa matches the properties of the native leaflet tissue. ..... 60
Figure 4.5 Variation in the patch area with respect to its isotropic stiffness in anterior mitral
valve patch simulation. The reference patch area is equal to 75.787µm2. .............. 62

viii

Figure 4.6 Change in force sustained by the strut chords connecting to anterior and
posterior leaflets at end diastole with 𝐶1 is 100 kPa and 300 kPa, 𝐶3, 𝑐𝑖𝑟 = 2.5 kPa
and 𝐶3, 𝑟𝑎𝑑 varying from 0.01 kPa to 10 kPa. Note that 𝐶3, 𝑟𝑎𝑑 = 1.0 kPa is the
baseline value ............................................................................................................ 63
Figure 4.7 Convergence to quasi-static forces in posteromedial set of chords implying that
the system has reached static equilibrium at virtual time equal to one seconds into the
simulation.................................................................................................................. 65
Figure 4.8 FE simulation of patch insertion and pressurization of the LV in the first stages.
The images of the FE model depict the posterior leaflet (pink), anterior leaflet
(blue/red), patch (mauve), and sutures (light blue) deformation can be seen at each
time step. The patch above the posterior leaflet are connected through spring elements
resembling the sutures at time zero is shown on the top left. At virtual time equal to
60 ms into the modelling, the chords have very small length and the gaps between the
patch and the free edges the smallest. At (virtual) time = 61 ms, the suture chords
become rigid elements and kept rigid till the end of the simulation. Note: the LV wall
is hidden from view to show pap muscles and chords .............................................. 67
Figure 4.9 Simulation of patch insertion and pressurization of the LV in various stages after
full installation of the patch. Before (virtual) time = 100 ms, no pressure is applied
inside the LV and after that the pressure is ramped up pushing the patch and the leaflet
outward, simultaneously. The pressure reaches ES value at (virtual) time = 300 ms
and kept constant afterwards. There is very little deformation after 300 ms implying
a stable modeling. Note: the LV wall is hidden from view to show pap muscles and
chords ........................................................................................................................ 68
Figure 4.10 Coaptation improvement in modified model with installed patch (viewed from
inside the LV). The small arrows show the free edges of the anterior leaflet and the
posterior leaflet of the mitral valve align in such a way that the valvar leakage is
minimized ................................................................................................................. 69
Figure 4.11 Chordal forces in the original model versus the model with patch installed on
the posterior leaflet. The patch stiffness at the baseline counts as the patch reference
stiffness and its value is shown by one on horizontal axis. The higher numbers on the
horizontal axis refers to higher patch stiffness. ........................................................ 71
Figure 4.12 Variation of the patch area in the modified model with respect to the (virtual)
time. .......................................................................................................................... 72
Figure 4.13 Variation in the patch area with respect to its isotropic stiffness in anterior
mitral valve patch simulation. The reference patch area is equal to 2.25x10 − 4m2
................................................................................................................................... 73
Figure 4.14 Stress field in the leaflets of the baseline model (in the left) versus the stress
field in the corresponding part of the patch augmented model. The stress in the patch
is not shown since it’s not prone to remodeling after installation. ........................... 74

ix

CHAPTER 1. INTRODUCTION
According to the 2018 report from the American Heart Association (AHA), heart
disease counted for the mortality of 633,813 people in the USA, making it the leading
cause of death in the nation. It is also estimated that by 2035, 45.1% of the US population
will have some form of cardiovascular disease, costing patients a total of $1.1 trillion[1].
The term “heart diseases” refers to many types of heart conditions, which includes
coronary artery disease, congenital heart defects, arrhythmias or irregular heartbeat, angina
or chest pain, atrial fibrillation, etc. Coronary artery disease is the most common heart
disease in the US. It eventually results in reduced blood flow, which can cause an ischemic
event. Myocardial infarction (i.e., a heart attack) leads to geometrical and physiological
changes resulting in reduced functionality of the heart as a whole. Mitral valve
regurgitation, or backflow of blood into the atrium from the left ventricle, is one of the
major complications associated with myocardial infarction and is a consequence of these
geometrical and physiological changes [2].
In patients with acute myocardial infarction (MI), there is a range of 11% to 59%
who later suffer from ischemic mitral regurgitation (IMR) [3]. It should be noted that IMR
is not a mitral valve (MV) disease, which means the valve leaflet tissue is anatomically
normal, but IMR represents the valvular consequences of elevated tethering forces and
geometrical changes [2, 3]. In post MI cases, the left ventricle of the heart dilates, and this
may result in papillary muscle displacement from their normal configuration accompanied
by annulus dilation and flattening, which causes higher tethering forces on the chordae
tendineae, leading to asymmetric coaptation, MV incompetence and regurgitation [4].
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Therefore, the study of IMR is a crucial step towards understanding the effects of MI on
valve mechanics and how best to design treatment strategies.
With recent advancements in computational technology, several numerical
techniques have been developed to understand the function of different organ systems in
the body, including the heart. These computational methods are able to investigate healthy
tissue, as well as diseased. Moreover, realistic computational simulations are able to
provide data that cannot be measure clinically. These unmeasurable variables include
quantities such as the stress field tissue. In addition, information about the strain field and
deformation can also be extracted from such models. Therefore, it is important to
understand the state of healthy and infarcted myocardial structure, and develop models
that accurately represent both. With sophisticated models, one can virtually perform
conventional and hypothetical surgeries to gauge the efficacy of current medical
techniques and untested ideas. This technology could be a tremendous benefit to the
medical community.
Studies on quantifying the structure of myocardium have been previously
conducted by Young et al. [5], Sands et al. [6] and, Gilbert et al. [7]. Accordingly,
myocardium is deemed to be layered sheets of myofibers. The fiber angles and the sheet
angles vary along the structure of the heart. Streeter et al. [8], was among the first
researchers to perform extensive studies on fiber orientation during systole and diastole.
For this purpose, specimens were obtained using dogs in situ in systole, in diastole and in
dilated diastole. In their work, they employed light microscopy to obtain the fiber
orientation along the free wall of the left ventricle. According to their findings, the greatest
change in angle with respect to wall thickness occurred at the endocardium and
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epicardium, respectively. Moreover, they concluded that the fiber angles did not change
significantly during transition from diastole to systole.
Spotnitz et al. [9] and Grim et al. [10] also made contributions towards better
understanding of myocardial structure. LeGrice et al. [11] studied the three dimensional
arrangement of ventricular muscle cells and the associated extracellular connective tissue
matrix in the canine heart. After the first papers describing the geometry and structure of
the myocardium, researchers began taking steps in understanding governing laws of
myocardial mechanics. The earliest models where base on isotropic elasticity (e.g.,
Demiray [12]). In this paper, Demiray assumed an idealized geometry, i.e., a spherical
geometry, for the left ventricle, the ventricular wall stresses and elastic stiffness’s were
investigated using a finite elasticity theory. They compared the analytical results with
experimental and obtained the values of material constants.
Isotropic models are not appropriate in view of the morphology and structure of
passive myocardium [13] . Follow up studies were based on the assumption that the
material properties of the heart are highly dependent on the muscle fiber orientation but
they ignored the importance of the plane transverse to the muscle fiber axis [14]. This
implies that the material property is symmetric about the myofiber axis. In other words,
the researchers assumed that the myocardium is locally transversely isotropic. To name a
few, the models proposed by Humphrey et al. [15, 16], Guccione et al. [17], Costa et al.
[18], and Kerchhoff et al. [19] were all based on transversely isotropic assumptions.
Biaxial tension tests supported the transverse isotropy of the myocardium. However,
simple shear tests indicated that there are missing pieces in the earlier formulations.
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Dokos et al. [20] were the first to point out this finding in simple shear tests. In their
paper, it was concluded that the passive myocardium has nonlinear viscoelastic shear
properties accompanied with reproducible, directionally dependent softening as the strain
is increased. Moreover, they found that the shear properties are anisotropic with respect to
the three mutually orthogonal directions. They also added that shear properties are such
that maximum resistance is seen in the fiber direction, while the normal direction endured
the least resistance and cross-fiber direction resisted to deformation between these two
values.
The paper by Dokos et al. [20] was motivation for many researchers to build up
mathematical models of the myocardium taking the orthotropic properties into account.
Hunter et al. [20] introduced the pole zero model. Costa et al. [18] suggested a Fung-type
model, while Schmid et al. [21] propose an orthotropic model with 12 parameters.
According to Holzapfel et al. [22], these models are partly structurally based and partly
phenomenological. Holzapfel et al. [22] recently proposed an orthotropic constitutive
equation for passive myocardium. Their model is discussed in depth in the theory section,
since this model forms the basis of our studies. However, for the sake of a small
introduction to this model, we emphasize that the model assumes that myocardium is thickwalled, non-homogeneous, nonlinear, nearly incompressible. Being orthotropic, this
model takes into account the fiber direction, the sheet direction and the sheet-normal
direction. This model is invariant based. As a result, the constitutive equations are
independent of the geometry. Moreover, considering its convexity, strong elliptical nature
of the formulation and material stability, it is fit for finite element approximation.
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Goktepe et al. [23] extended the original Holzapfel and Ogden [22] model towards
entirely three-dimensional inhomogeneous deformations by additively decoupling the
strain energy function into volumetric and isochoric parts along with the multiplicative
split of the deformation gradient. Eventually, they applied the modified equation on a
generic biventricular heart model subjected to physiological ventricular pressure. Wang et
al. [24] used geometrical data obtained from MRI test and studied the left ventricle of the
heart. In addition, they investigated the sensitivity of the Holzapfel and Ogden model to
parameterizing errors and compared the results with other constitutive models and
experimental results of the canine heart. Wang et al. [25] introduced a modified Holzapfel
and Ogden model which take into account the effect of residual stresses in the
myocardium. In both of the Wang et al papers, the left ventricle of porcine myorcardium
was studied [20]. Goktepe et al. [23] and Wang et al. [25] independently studied the
parameters reported by Holzapfel and Ogden in their original paper.
Reconstructed the mitral valve using the ultrasound technique, followed by other
researchers [26-28] that employed the same approach. The model produced by Votta et
al. [29]. utilized a hyperelastic transversely isotropic material law for the leaflets, which
were attached to chordae. In two other studies, researchers including Wenk et. al. [30] and
Stevanella et al. [31] utilized CMR techniques in reconstructing the MV. The FE model of
the mitral valve created by Wenk et al. [30] also used a hyperelastic transversely isotropic
material law and was a part of the LV model that had chordae - papillary muscle
connections that were modelled using hyperelastic material models. MSCT was also
deployed by Wang et al. [32] to build a model of the MV that was based on hyperelastic
anisotropic leaflets and hyperelastic chordae.
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In order to understand the complex nature of IMR, several in vivo and ex vivo
experimental research papers have been published. Recent studies using magnetic
resonance imaging (MRI) suggest that during the post ischemia phase and remodeling
phase of the LV, interpapillary muscle distance was the biggest predictor of regurgitation
volume [33]. Moreover, it is known that rupture of chords connected to papillary muscle
also exacerbates regurgitation [34]. In order to address the issue, attention towards the
optimization of MV repairs via strategies like patch augmentation is increasing [35]. It is
deemed that as changes in chordal forces facilitate a redistribution of total stresses exerted
on the valve, this valve repair operation may have an adverse long term effect on MV
remodeling and functionality [35]. Another successful surgical intervention on MV is
saddle shaped annuloplasty (SSA) and so far it has been demonstrated that SSA provide
better leaflet coaptation geometry by improving the mobility of posterior and anterior
leaflets. SSA also entails potentially beneficial impact on stress distribution of leaflets
increasing the durability of the repaired valve [36].
In terms of computer simulations, successful mathematical models have been
introduced by Guccione et al. [37] that can capture the active contractility of myocardium
and compliments the earlier work on the anisotropic, non-linear passive response of
healthy [17] and infarcted [38] myocardium. Moreover, finite element (FE) models of
isolated MV [39] and MV+LV [30, 40] have been developed to determine the stress field
of deformed valves under various conditions. Even though these publications provide
powerful insight towards understanding the mechanics of the healthy and diseased heart,
and mitral regurgitation, there are still many fundamental questions to be answered. For
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instance, little is known about the short and long term effect of the material used in the
MV patch replacement surgery.
The present day computational models of human or animal hearts have their
shortcomings, but are advanced enough to mimic a lot of heart funciton. Therefore, they
serve as a good tool to explain a lot of potential disease states. Ideally, these models should
be patient/animal-specific and be able to help researchers to diagnose and treat heart
disease in the shortest time span. In this dissertation, a validated model of a sheep heart
that has suffered myocardial infarction has been employed to study mitral valve
regurgitation. The model was rebuilt with the knowledge of geometrical changes captured
with MRI technique and is assigned with anisotropic, inhomogeneous, nearly
incompressible and highly non-linear material properties, which is typical of soft
biological tissues. The mitral valve was reconstructed based on anisotropic layered
composite shells.
In this research, patch augmentation was performed on two regions of the mitral
valve, i.e., on its anterior leaflet and posterior leaflet. This surgery aims at improve mitral
valve coaptation and minimize mitral valve regurgitation. In this finite element simulation,
we virtually installed an elliptical patch within the posterior leaflet. To the best of the
author’s knowledge, this type of simulation has not been performed before. In another
simulation, the effect of a patch within the anterior leaflet was simulated. The software
used in this study was the nonlinear finite element solver LS-DYNA (Livermore Software
Technology Corporation, Livermore, CA).
The results from the two different surgical simulations shown in this dissertation
indicate that patch implantation helps the free edges of the leaflets come close to one
7

another, which leads to improved coaptation. Moreover, variation in thickness and material
properties of the patch causes the force redistribution within the chords that are responsible
for adjusting the leaflets. This finding suggests that with appropriate choice of patch
properties and depending on its location on the leaflets, a surgeon can guide the stress from
weaker chords to desired one and reduce the chance of further complications. Finally, the
study done in this dissertation answers a few questions regarding mitral valve patch
augmentation surgeries and emphasizes the importance of further investigations with
human models that are patient-specific.
As for the presentation of material in this document, chapter two of this dissertation
gives a brief background on terminologies, physiology and mechanism according to which
a heart functions. With that background in mind, in chapter three, we discuss the
methodology used in both studies. Briefly, the methodologies for model construction and
simulation are similar. However, in the patch augmentation simulation on the posterior
leaflet, a few extra steps have been taken to model the patch and dynamically install the
patch within the leaflet. Chapter four gives an in-depth explanation on the results obtained
from the two simulations. Finally, in chapter five and chapter six of this document,
conclusions and limitations are presented, respectively.
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CHAPTER 2. BACKGROUND
2.1

Anatomy and Physiology
2.1.1

The Cardiovascular System

The cardiovascular system consists of the heart, blood vessels and approximately 5
liters of blood that blood vessels transport. The cardiovascular system transports oxygen,
nutrients, water, hormones and cellular waste products to and from cells, respectively. The
cardiovascular system is supported by the body’s hardest working organ—the heart. At
rest, the average heart pumps around 5 liters of blood per minute. Also, for an average
human being the heart beats about 4,800 times per hour 115,000 times per day, 42,048,000
times per year and 3,363,000 times per life.
2.1.2

The Heart

The heart is a muscular pumping organ located medial to the lungs (in other words,
in between the lungs) along the midline of the thoracic cavity. The heart is tilted towards
the left of the chest. In fact, 2/3 of the heart is located on the body’s left side while the
other 1/3 is located on the right side of the body. The bottom of the heart is called the apex.
The top of heart is known as the base and is connected to the great blood vessels of the
body including: the aorta, the pulmonary artery, vena cava and the pulmonary veins.
2.1.3

Blood Vessels

Blood vessels carry blood flow quickly and efficiently from the heart to every
region of the body and back again. Blood vessels differ in size and structure depending on
the amount of blood and the type of blood (i.e., either oxygenated or deoxygenated blood).
All blood vessels contain a hollow area called the lumen though which blood is able to
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flow. The lumen is surrounded by the wall of the vessel, which may be as thin as on cell
(in case of capillaries) and as thick as great arteries.

Figure 2.1 Cross-section of an artery. Image credited to Bausen.com staff [41], from
WikiJournal of Medicine (open source).
All blood vessels are lined with a thin inner layer called the endothelium, which
controls the diffusion of constituents into the vessel wall. There are three major types of
blood vessels, namely, arteries, capillaries and veins. Figure 2.1 illustrates the structure of
a typical middle size or large size artery.
2.1.4

Coronary Circulation

Just like other organs, the heart also has its own blood vessels that provide it with
the nutrients necessary for normal functioning. Coronary arteries are further divided into
left coronary artery (also called the left main trunk) and the right coronary arteries. The
main left coronary arteries branch into circumflex artery and left anterior descending
artery. The right coronary artery branches into right marginal artery and posterior
10

descending artery. Figure 2.2 illustrates the structure of the heart and the blood vessels
feeding it.

Figure 2.2 Coronary blood vessels. Image credited to Bausen.com staff [41], from
WikiJournal of Medicine (open source).
2.1.5

Heart as a pump

The heart is a four chambered double-pump. Each side of the heart is considered as
a separate pump. The septum of the heart is a muscular tissue that separates the left and
right side of the heart. The right side of the heart pumps the deoxygenated blood from the
systemic veins to the lungs while the left side of the heart receives the oxygenated blood
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from the lungs and pumps it through the systemic arteries to the tissues of the body.
However, each heartbeat is simultaneous, implying that left and right side of the heart
contract and relax synchronously.

Figure 2.3 Cross-section of a human heart. Image credited to Bausen.com staff [41], from
WikiJournal of Medicine (open source).

The left ventricle is the main pumping cavity of the heart. Compared to right
ventricle, it has a thicker wall. In human beings and large animals, the thickness of the left
ventricle wall is about 10 mm. During systole, the left ventricle typically produces a
pressure of 120 mmHg (or 16 kPa). In contrast, the right ventricle is designed to pump a
pressure of 25 mmHg (or 4 kPa). Similar to the ventricles, since the atria has lower pressure
with respect to ventricle, they have thinner walls as well. Figure 2.3 illustrates a crosssection of the heart and the main blood vessels entering and exiting it.
12

There are four valves in the heart and they act like one-way valves preventing the
backflow of the blood. The right atrium receives deoxygenated blood from the systemic
circulation while the left atrium receives oxygenated blood from the pulmonary
circulation. The tricuspid valve separates the right atrium from the right ventricle. Also,
the mitral valve (also known as the bicuspid valve) separates the left ventricle from the left
atrium. The right ventricle and the pulmonary artery are separated by the pulmonary valve
and the left ventricle and the aorta are separated by the aortic valve. When the pressure on
the downstream is higher than the upstream the valves are shut. Both tricuspid and mitral
valves are tethered by the chordae tendineae. These tendinous strings project form the
ventricular wall and become taut during systole.
The cardiac output is defined as the volume of blood ejected from any of the
ventricles per minute. In other words, the cardiac output is calculated by multiplying the
stroke volume and the heart rate. An adult at rest has a stroke volume of about 70-80 ml
with a heart beats of 50-60 beats per minute. Figure 2.4 depicts the cross-section across
the heart wall.
The walls of the ventricles consists of three layers, namely; the endocardium (or
the inner wall) which is a thin smooth sheet, the myocardium (or the middle layer) which
is the muscular layer responsible for the contraction of the heart and the epicardium (or
the outer layer) which is a thin connect tissue. The epicardium is also referred to as visceral
pericardium. The entire heart is enclosed in a connective layer called the pericardium
parietal, which is in fact a fibrous sac.
The endocardium lines the inside of the four chambers and is a serous membrane
with approximate thickness of 100μm. It mainly consists of epimysial collagen, elastin
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Figure 2.4 Cross-section of a heart wall. Image credited to Bausen.com staff [41], from
WikiJournal of Medicine (open source).
and a layer of endothelial cells. The endothelial cells serve as an interfacial layer between
the wall and the blood. The protective epicardium is also a membrane with thickness of
the order of 100 μm and consisting of epimysial collagen and some elastin. The heart wall
is a composite of layers (or sheets) of parallel myocytes which are predominate fibre types,
occupying about 70% of the volume. The 30% roughly consists of various interstitial
components whereas about 2-5% of the interstitial volume is occupied by collagen
arranged in a spatial network that forms lateral connections between adjacent muscle fiber.
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2.1.6

The Ventricular Cycle

A single period of the cardiac activity can be divided into two basic phases, namely;
diastole and systole. Diastole represents the period of time when the ventricles are relaxed
or not contracting. Throughout this period, the blood flows passively from the atria to the
ventricles. Therefore, the atrioventricular valves are open at this stage. At the end of the
diastole, both atria contract, which propels an additional amount of blood into the
ventricles. During the next phase, systole represents the time during which the left and
right ventricles actively contract and eject blood into aorta and pulmonary artery. During
this period, the aortic and pulmonary valves open to permit ejection into the aorta and
pulmonary artery. The backflow is prevented by atrioventricular valve closer.
The aortic pressure can be measured by inserting a pressure-measuring catheter into
the aorta from a peripheral artery and the left ventricular pressure can be measured by
placing a catheter inside the left ventricle. Ventricular volume changes can be measured
in real-time by employing echocardiography (or ECG), magnetic Resonance Imaging (or
MRI) or radionuclide imaging.
2.1.7

Ejection Fraction

The ejection fraction is the proportion of the blood that is pumped from the left
ventricle of the heart per beat. Typically, the left ventricle ejects about 55% of its blood in
each beat. Ejection fraction is considered as a gauge for measurement of heart health. For
instance, an ejection fraction of 40-50% is considered below normal. Additionally, patients
with heart failure typically have an ejection fraction that is less 40%.
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Figure 2.5 Representation of systole and diastole Pressure and volume versus time in
different chambers of human heart [42]. LV stands for left ventricle and RV stands for right
ventricle. S1, S2, S3 and S4 are the sound produced by the heart valves. S1 and S2 are
dominate and are produced by snap shut of the valves while S3 and S4 are less dominate
and produced by the opening of the valves. This image is credited to Wikimedia Commons
(open source) [42].

2.1.8

Mitral Valve Structure

The mitral valve has two leaflets, the anterior leaflet and the posterior leaflet. The anterior
leaflet is contiguous with the aorta-mitral curtain. The posterior leaflet is composed of
three parts or scallops, and are referred as P1, P2 and P3 regions [35, 36, 43]. The leaflets
are anchored to the dynamical mitral annulus at their basal ends. Multiple chords, known
as chordae tendineae root from the ventricular wall and attach distally to the papillary
muscles. This complex structure is responsible for delicate force balance leading to
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Figure 2.6 The two leaflets of mitral valve, namely; the anterior leaflet below the aortic
valve, and the posterior leaflet. The latter is composed of three scallops: P1, P2, and P3. At
the leaflet edges, the chordae tendineae anchors the leaflets to the papillary muscles (shown
by PM) that attaches to the left ventricular wall. Image from Levin et al. [43], with
permission from Nature Reviews Cardiology.
directional blood flow through the mitral valve. The anterior leaflet and posterior leaflet
are both radially divided into three distinct zone, from annulus to the free edge. Each zone
has a unique ultra-structural fiber composition and biomechanics.
2.1.9

Mitral Valve Regurgitation

Mitral valve regurgitation [1, 34, 43-45], also referred as mitral regurgitation or
mitral insufficiency is a condition in which the heart's mitral valve doesn't close tightly,
allowing blood to flow backward from the left ventricle into the atrium chamber of the
heart during the systolic phase. Typically to address this issue heart surgery to repair or
replace the valve for severe leakage or regurgitation is recommended. Possible causes of
mitral valve regurgitation include:
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Figure 2.7 Schematic view of the mechanism underlying in ischaemic mitral
regurgitation. Ischaemic mitral regurgitation caused by increased mitral leaflet tethering
owing to left ventricular structural changes after myocardial infarction (shaded wall) with
outward bulging (three arrows on the outer surface of the heart). Leaflet closure is restricted
by increased tethering forces on the leaflets exerted through the chordae tindeneae (arrows
within the heart, exceeding normal on the left). Image from Levine et al. [43], with
permission from Nature Reviews Cardiology.


Mitral valve prolapses: This is a condition in which the mitral valve's
leaflets bulge back into the left atrium during the heart's contraction. This
defect can be caused by genetic mutation. Consequently, this defect
prevents the mitral valve from closing tightly and leads to regurgitation.



Damaged tissue chords: The tissue chords and the papillary muscles that
anchor the flaps of the mitral valve to the heart wall may stretch or tear,
especially in people with mitral valve prolapse. This complication can cause
leakage through the mitral valve suddenly and may require repair by heart
surgery. Trauma to the chest also can rupture the chords.
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Endocarditis: The mitral valve can be damaged by an infection of the lining
of the heart (endocarditis) that can involve heart valves.



Myocardial infarction or heart attack: A heart attack can damage the area of
the heart muscle that supports the mitral valve, affecting the function of the
valve. The mitral valve regurgitation caused by myocardial infarction is
called ischemic mitral valve regurgitation (see Figure 2.7). If the damage is
extensive enough, a heart attack can cause sudden and severe mitral valve
regurgitation.



Other reasons: Abnormality of the heart muscle (cardiomyopathy) caused
by chronic conditions like such as high blood pressure, or excessive strain
on heart to work harder, gradually enlarges the heart's left ventricle. This
can stretch the tissue around your mitral valve, dilating the annulus, which
can lead to leakage. Traumas including injuries to chest, drug usage,
rheumatic fever and Congenital heart defects are other reasons that give rise
to mitral valve regurgitation.

2.2

Mechanics
2.2.1 General Deformation
Let Ω0 represent the domain of the reference configuration and Ω represent the

deformed (or present) configuration of a body Β. Time is considered to be 0 at the reference
configuration. Also, let x denote a point in the present configuration and X denote the
position of the same point in the reference configuration. Depending on the dimension of
the space, x or X has appropriate components. In this case, we consider a general 3
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dimensional space. Let F denote the deformation gradient as defined in nonlinear
continuum mechanics,
𝐹(𝑋, 𝑡) =

𝑑𝑥
𝑑𝑋

2.1

Let the fiber direction be denoted by 𝑓0 and the sheet direction be denoted by 𝑠0 . In
continuum mechanics, the length of the fiber changes under an applied load. Therefore,
we introduce 𝜆 as the ratio of the length of the fiber in present configuration with respect
to the reference configuration. In continuum mechanics 𝜆 is called the stretch of the fiber.
Hence,
𝜆0 = 𝐹(𝑋, 𝑡)𝑓0 (𝑋)

2.2

And
𝜆 = |𝜆0 |

2.3

Where 𝜆0 is the stretch vector defined with respect to the present coordinate system.
Defining the Jacobian or J for determinant of the deformation gradient, we have,
𝐽 = det(𝐹) > 0

2.4

The Jacobian is also referred to as the volume ratio. Hence, under the incompressibility
assumption, we restrict our equations to
𝐽=1

2.5

Further the right Cauchy-Green deformation tensor is defined as
𝐶 = 𝐹𝑇 𝐹

2.6

Similarly, the left Cauchy-Green deformation tensor is defined by
𝐵 = 𝐹𝐹 𝑇

2.7

Next, we define the Green-Lagrange strain tensor as
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𝐸=

1
(𝐶 − 𝐼)
2

2.8

Where 𝐼 is a second order identity tensor. Now we define the invariants as following:
𝐼1 = 𝑡𝑟(𝐶)

2.9

1
2
𝐼2 = ((𝑡𝑟(𝐶)) − 𝑡𝑟(𝐶 2 ))
2

2.10

𝐼3 = det(𝐶) = 𝐽 = 1

2.11

Where 𝐼1 , 𝐼2 and 𝐼3 are first, second and third invariants, respectively. These invariants are
also called isotropic invariants. Next we define the pseudo-invariants corresponding to the
fiber and sheet directions:
𝐼4 = 𝑓0 . (𝐶𝑓0 ) = (𝑓0 ⊗ 𝑓0 ): 𝐶

2.12

𝐼5 = 𝑓0 . (𝐶 2 𝑓0 ) = (𝑓0 ⊗ 𝑓0 ): 𝐶 2

2.13

𝐼6 = 𝑠0 . (𝐶𝑠0 ) = (𝑠0 ⊗ 𝑠0 ): 𝐶

2.14

𝐼7 = 𝑠0 . (𝐶 2 𝑠0 ) = (𝑠0 ⊗ 𝑠0 ): 𝐶 2

2.15

In the above equations the pseudo-invariants refer to transversely isotropic terms. The
coupling of the fiber direction and sheet direction (also called cross-fiber direction in some
texts) gives rise to orthotropic invariant. We denote the eighth invariant by 𝐼8 and define
it by
𝐼8 = 𝑓0 . (𝐶𝑠0 ) = 𝑠0 . (𝐶𝑓0 ) = (𝑓0 ⊗ 𝑠0 ): 𝐶 = (𝑠0 ⊗ 𝑓0 ): 𝐶

2.16

Note that 𝐶 and 𝐵 are symmetric and positive definite.
2.2.2

Strain Energy Function and the Stress Tensor

Now we consider defining some of the well-known energy functions that have been
used to model passive mechanics of myocardium. We introduce the strain energy function
per unit volume,Ψ. The strain energy function can be defined as a function of the left or
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Figure 2.8 Schematic deformation of a body and its representation in two different
configurations. This image is credited to Sapnaz and can be reached at Wikimedia
Commons (open source) [46].
right Cauchy-Green tensors, i.e., 𝐵 or 𝐶, repectively, Lagrange-Green tensor 𝐸 or
deformation gradient 𝐹. It is important to note that these quantities are related to each other
and can be replaced by each other appropriately. For elastic material, the Cauchy stress is
𝜎, and can be calculate by
𝐽𝜎 =

𝜕Ψ 𝑇
𝜕Ψ 𝑇
𝐹 =𝐹
𝐹
𝜕𝐹
𝜕𝐸

2.17

Since the myocardium is considered to be incompressible the above equation is modified
into
𝐽𝜎 =

𝜕Ψ 𝑇
𝜕Ψ 𝑇
𝐹 − 𝑝𝐼 = 𝐹
𝐹 − 𝑝𝐼
𝜕𝐹
𝜕𝐸

2.18

For elastic material possessing a strain energy function Ψ the above equation can also be
written in terms of the invariants as
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𝑁

2.19

𝜕𝐼𝑖 𝑇
𝐽𝜎 = ∑ 𝜓𝑖
𝐹
𝜕𝐹
𝑖=1

And for incompressible material the above equation is modified into
𝑁

𝐽𝜎 = ∑ 𝜓𝑖
𝑖=1,𝑖≠3

2.20

𝜕𝐼𝑖 𝑇
𝐹 − 𝑝𝐼
𝜕𝐹

Figure 2.9 Transmural cross section of the myocardium tissue. 𝑓0 represents the fiber
direction in unreformed configuration, 𝑠0 represents the sheet direction (also referred to as
cross-fiber direction) and 𝑛0 represents normal direction. These three directions form a set
of orthogonal vectors. Image from Holzafpel and Ogden [22], with permission from The
Royal Society Publishing.
23

Where 𝑁 is the number of elastic invariants and 𝜓𝑖 is defined by
𝜓𝑖 =

𝜕Ψ
𝜕𝐼𝑖

2.21

Note that 𝑖 = 3 is omitted since we assume that the myocardium tissue is incompressible.
The second Piola-Krichoff stress tensor 𝑆 is given in terms of the Cauchy stress tensor by
𝑆 = 𝐽𝐹 −1 𝜎𝐹 −𝑇

2.22

By definition 𝑆 is given by
𝑆=2

𝜕Ψ 𝜕Ψ
=
𝜕𝐶 𝜕𝐸

2.22
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CHAPTER 3. MATERIALS AND METHODS
The work presented in this dissertation can be divided into 4 different research
topics. Accordingly, this chapter is divided into four different sections to distinctly
describe the methods and materials used in each topic. Two of the research topics are on
the left ventricle wall and a single animal model is used for this purpose. The first two
sections of this chapter are devoted to these two studies. The focus is on gaining a
fundamental understanding of the passive mechanics involved in a healthy heart using a
model that only had the left ventricle. The simulations illustrate the mechanics of the
passive phase of the left ventricle. Some of the methods are used to perform simulations
on several of the topics. Hence they are mentioned only in the first section, but are referred
to briefly in later sections as well. The other two research topics are on patch augmentation
on the anterior leaflet and the posterior leaflet of the mitral valve. The last two studies look
at the effect of myocardial infarction and treatment using more sophisticated models that
had the LV, chords, and MV. These models also simulated the active contraction
mechanics of the heart, unlike the first two studies. Two different animal models are used
in these two studies. However, like the previous two sections some concepts, equations
and procedures may overlap. Hence they are mention once and referred to briefly again,
in the following section.

3.1

Parameter Analysis of the Holzapfel and Ogden Law
In this study, the material law proposed by Holzapfel and Ogden [22] has been

employed to study the sensitivity of the parameters by considering a representative case.
This orthotropic model has eight parameters. However, when the entire set of parameters
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are not incorporated or mathematically equated to zero, the model obtains simpler
computational form and becomes transversely isotropic. It is important to understand the
pros and cons of employing all the parameters or employing the reduced form of the
constitutive equation. Hence in this study the use of four, six, and eight parameters were
compared on an animal case.
3.1.1

Animal Data

A healthy adult male swine of weight of about 40 kg was used in this study. This
animal received care in accordance with the protocols approved by the Institutional Animal
Care and Use Committee at the University of Pennsylvania in compliance to the guidelines
for humane care (National Institutes of Health Publication 85-23, revised 1996) [47]. For
detailed procedures, readers are encouraged to read the cited papers [48-50].
3.1.2

Image processing and MRI acquirement

The details on data acquisition can be found in the study done by McGarvey [50],
but some important details are disclosed here. MRI was performed using a 3T Siemens
Trio A Tim Magnetom scanner (Siemens; Malvern, PA). For cardiac gating, a high fidelity
pressure transducer (Miller Instrument; Houston, TX) was also guided into the left
ventricle (Figure 3.1 and Figure 3.2). This pressure was eventually implemented into the
FE model as a boundary condition. The images were gathered using a 3D SPAMM
technique and later used to calculate the strain field within the left ventricle. The 3D
SPAMM tagged sequence had a field view of 260 mm x 260 mm, acquisition matrix of
256 x 128, pixel size of 1.015 x 1.015, repetition time of 34.4 ms, tag spacing of 6 mm,
band width of 330Hz/pixel and slice thickness of 2 mm.
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3.1.3

Finite Element Model Development

The early diastolic phase was taken as the reference state and end diastole was take
as the final state of the FE model as shown in Figure 3.3. Since, the pressure is at its
minimum during early diastole, the LV myocardial walls are assumed to be stress free.
Hexahedral brick elements were employed to produce the FE mesh using a trilinear
interpolation scheme (TrueGrid; XYZ Scientific, Inc., Livermore, CA, USA). The FE
model geometry consisted of 3 elements across the wall thickness, implying that each layer
is 1 element thick (Figure 3.3). This mesh density was chosen to balance accuracy of
resolving the strain field and computational efficiency during the optimization. A mesh
convergence study was conducted to ensure that the deformation did not change more than
5% when increasing the number of elements.

Figure 3.1 Short axis of 3D SPAMM image
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Each ring contains 36 elements aligned back to back circumferentially and there
are total of 12 such rings along the long axis. The entire FE model was assumed to be made
up of the same material while fiber angles were specific to each segment. The myofiber
angles are assigned to -37 degrees at epicardium and +83 degrees at endocardium with
respect to the circumferential direction as recommended by Lee et al. [51].

Figure 3.2 Pressure versus time collected from LV catherization. Early diastole and enddiastole are highlighted

Figure 3.3 The reference model seen from the long axis and short axis view.
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Myocyte sheet angles varied from -45 degrees to +45 degrees at epicardium and
endocardium respectively, as suggested by LeGrice et al. [11] endocardium respectively,
as suggested by LeGrice et al. [11]. Fiber and sheet angles were assumed to be
homogeneous inside the left ventricle. In order to calculate the left ventricular cavity
volume, the endocardial wall was lined with a soft (Young’s Modulus= 1x10-10 kPa)
linearly elastic shell element to build an enclosed airbag. The constitutive equations were
implement into the FE model with the help of a material user-defined subroutine and
implemented in the non-linear FE Solver LS-DYNA (Livermore Software Technology
Corporation, Livermore, CA). The governing equations were solved by employing the
non-linear FE solver LS-DYNA (Livermore Software Technology Corporation,
Livermore, CA). The solver is explicit in time and is runs based on central difference
method with an adaptive time stepping scheme [48].
3.1.4

Holzapfel and Ogden‘s Constitutive Model

Holzapfel and Ogden’s constitutive model [22] proposed for modelling the passive
response of myocardium is an orthotropic hyperelastic energy function. In its complete
form, it has 8 parameters. The strain energy function is defined as
Ψ=

𝑎𝑓𝑠
𝑎
𝑎𝑖
2
{exp[𝑏(𝐼1 − 3)] − 1} + ∑
{exp[𝑏𝑖 (𝐼4𝑖 − 1)2 ] − 1} +
{exp(𝑏𝑓𝑠 𝐼8𝑓𝑠
) − 1}
2𝑏
2𝑏𝑖
2𝑏𝑓𝑠

3.1

𝑖=𝑓,𝑠

(Isotropic term)

(transversely isotropic terms)

(orthotropic term)

In the above equation, {𝑎, 𝑎𝑓 , 𝑎𝑛 , 𝑎𝑓𝑠 } and {𝑏, 𝑏𝑓 , 𝑏𝑛 , 𝑏𝑓𝑠 } form the eight sets of parameter
attributed to Holzapfel and Ogden’s orthotropic Fung-type energy function demonstrated
by most biological tissue (especially tissue that contains collagen) exhibits an exponential
stiffening effect when stretched. According to the equations, a’s have dimension of stress
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and b’s are dimensionless parameters. The invariant 𝐼1 takes care of the isotropic behavior
of the myocardium while 𝐼4𝑓 and 𝐼4𝑠 contribute to transversely isotropic behavior of the
myocardium and 𝐼8𝑓𝑠 handles the orthotropic response of the myocardial deformation.
The invariants are briefly discussed in section 2.2. The four parameter form of the
Holzapfel and Ogden [22] general myocardial orthotropic equation refers to the use of the
first term in equation 3.1 along with the part of the summation that corresponds to the fiber
direction. As a result, the special form of the equation 3.1 is
Ψ=

𝑎𝑓
𝑎
2
{exp[𝑏(𝐼1 − 3)] − 1} +
{exp [𝑏𝑓 (𝐼4𝑓 − 1) ] − 1}
2𝑏
2𝑏𝑓

3.2

This form of the equation 3.1 contains information about the cardiac tissue since
the fibers contribute to the highest amount of resistance to deformation. As pointed out by
Dokos et al. [20], the sheets contribute to second highest resistance after fiber direction
and higher than sheet-normal direction. Ignoring the coupling of fiber and sheet direction,
the hyperelastic strain energy function take the form as described in equation 3.3 as
Ψ=

𝑎
{exp[𝑏(𝐼1 − 3)] − 1} +
2𝑏

3.3

𝑎𝑓
𝑎𝑠
2
{exp[𝑏𝑠 (𝐼4𝑠 − 1)2 ] − 1}
{exp [𝑏𝑓 (𝐼4𝑓 − 1) ] − 1} +
2𝑏𝑓
2𝑏𝑠
Equation 3.3 does not contain the term responsible for coupling different sheer planes.
Therefore, it is still a transversely isotropic form of the equation 3.1. This is referred to as
the 6-parameter form of the Holzapfel and Ogden’s orthotropic constitutive law. Finally,
the 8-parameter form of the mentioned constitutive equation refers to the complete form of
the equation that takes all possible combination of orthotropic planes.
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Multiplicative decomposition of the deformation gradient tensor 𝐹 is used, and the
strain energy function and second Piola-Kirchhoff stress tensor is decomposed into
volumetric (volume changing) and isochoric (volume preserving) parts [28]. Accordingly,
1

3.4

2

3.5

𝐹 = (𝐽3 𝐼)𝐹̅
𝐶 = (𝐽3 𝐼)𝐶̅

where 𝐽 = det(𝐹) and the tensor 𝐹̅ and 𝐶̅ are modified deformation gradient and
the modified right Cauchy-Green tensors, respectively. In a similar manner, the modified
invariants (with bar) have been introduced. Assuming that the energy function can be split
into pure volumetric and pure isochoric part, the strain energy function takes the form,
̅ ̅̅̅̅̅
𝜓(𝐶) = 𝜓𝑣𝑜𝑙 (𝐽) + 𝜓𝑖𝑠𝑜 (𝐼̅1 + ̅̅̅̅
𝐼4𝑓 + ̅𝐼̅̅
4𝑠 + 𝐼8𝑓𝑠 )

3.6

As formulated above, the first part of the right hand side is the energy function is
related to the volumetric expansion and the second part is related to the isochoric part of
the energy function. The volumetric part of the energy function is given by
𝜓𝑣𝑜𝑙 (𝐽) =

𝐾
(𝐽 − 1)2
2

3.7

where 𝐾 is the bulk modulus and 𝐽 is the Jacobian of the deformation gradient. The
penalty method was implemented to enforce the near incompressibility condition in the
finite element code. The second Piola-Kirchhoff stress tensor is defined as the sum of
purely volumetric and purely isochoric terms given as
𝑆 = 𝑆𝑣𝑜𝑙 + 𝑆𝑖𝑠𝑜

3.8

where 𝑠 is defined by
𝑆=2

𝜕𝜓(𝐶)
𝜕𝐶

3.9

Therefore, on simplification one can see that
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𝑆𝑣𝑜𝑙 = 2

𝜕𝜓𝑣𝑜𝑙 (𝐶)
= 𝐾(𝐽 − 1)𝐽𝐶 −1
𝜕𝐶

3.10

And
𝑆𝑖𝑠𝑜 = 2

𝜕𝜓𝑖𝑠𝑜 (𝐶)
𝜕𝐶

3.11

1
1
= 𝐽−3 {𝑎. exp(𝑏(𝐼1̅ − 3)). (𝐼 − 𝐼̅1 )
3
2
̅̅̅̅
+ 2𝑎𝑓 (𝐼̅̅̅̅
4𝑓 − 1). exp (𝑏𝑓 (𝐼4𝑓 − 1) ) . (𝑓0 ⨂𝑓0

1
− 𝐼̅̅̅̅
𝐶 −1 )
3 4𝑓
1
2
̅
̅̅̅̅
̅̅̅̅ −1
+ 2𝑎𝑠 (𝐼̅̅̅
4𝑠 − 1). exp(𝑏𝑠 (𝐼4𝑠 − 1) ) . (𝑠0 ⨂𝑠0 − 𝐼4𝑠 𝐶 )
3
2

̅ . exp (𝑏𝑓𝑠 ̅̅̅̅̅
+ 2𝑎𝑓𝑠 𝐼8𝑓𝑠
𝐼8𝑓𝑠 ) . (𝑓0 ⨂𝑠0 + 𝑠0 ⨂𝑓0
2
− ̅̅̅̅̅
𝐼 𝐶 −1 )
3 8𝑓𝑠
The final form of the second Piola Kirchhoff stess can be expressed as
−2

𝑆 = 𝐾(𝐽 − 1) + 2𝐽 3 𝐷𝑒𝑣(

𝜕𝜓̅
)
𝜕𝐶̅

3.12

Where near incompressibility is enforced with a penalty method and 𝐷𝑒𝑣 is
deviatoric projection operator:
1
𝐷𝑒𝑣(∗) = (∗) − ([∗]: 𝐶)𝐶 −1
3
3.1.5

3.13

Optimizing Variables

The user defined material sub-routine for this model was previously developed by
Nikou et al. [48]. The goal of the optimization routine is to determine the set of material
parameters in the constitutive equation, which produce the best fit between model
predicted and experimentally measured quantities. More specifically, the objective
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function compares the difference between the strain field obtained in the simulation with
the ones obtain from MRI. The difference at two time points contribute to the objective
function. In addition, the cavity volumes of the left ventricle are also taken into account.
Mathematically, the objective function should be minimized to attain the best fit. The
objective function is defined as follow;
2

𝑁

3

1
𝑉 − 𝑉̅ 2
𝑀𝑆𝐸 = ∑ ∑ ∑ (𝐸𝑖𝑗,𝑛,𝑠 − 𝐸̅𝑖𝑗,𝑛,𝑠 )2 + (
)
2
𝑉̅

3.14

𝑠=1 𝑛=1 𝑖,𝑗=1

Where n is the strain point within the myocardium, 𝑁 is the total number of the
strain points, 𝐸𝑖𝑗,𝑛 and 𝑉 are the finite element diastolic strain and end-diastolic left
ventricle cavity volume, respectively. The over-bar variables represent the in vivo
measured data. Figure 3.6 illustrates the relation between the locations in the LV where
strain field was calculated from MRI and the locations in the FE model where strain
components are calculated in each element. Ideally, there should be no difference and MSE
value is the least when the Euclidian difference between the strain fields are the least
possible. In our modeling, N = 256 points in the mid-wall, along with 256 of the nearest
left ventricle point measured from MRI data, were chosen for generation of each objective
function. In the above formulation, 𝑠 is the step at which the optimization occurs. The
strains are calculated at two different stages (both with respect to the early-diastolic
reference configuration); the first stage completes at mid-diastole and the second
completes at end-diastole. The objective function is finally averaged over these two time
periods.
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Figure 3.4 One to one mapping between the MRI acquired data with the FE model.
As it can be seen from equation 3.14, equal weight has been given to the normalized
volume change and strain differences of the simulated model when compared to the in
vivo data. Equal weights are used because these terms are of the same order of magnitude.
Also note that each term is squared which is a mean of providing the absolute values. At
each of the optimization steps, the mean square of error in every element is calculated with
respect to the expected values from the MRI data. Then they are summed to form the total
mean square error. The parameters are generated randomly by the genetic algorithm
operator. However, the randomly generated parameters are bounded to lower and upper
limits as recommended in the literature. For our study, we have confined a’s to range from
zero to 10 and b’s ranging from zero to 100. At each optimization step, the minimum of
every population is calculated and if the deformation they produce does not violate the
bounds defined previously, the minimum value is passed to the next generation. In the next
generation, the fittest parameters are altered and minimum errors are calculated again. As
a result, at the end of thirty generations, the parameters found can minimize the function
described in equation 3.14. For the first deformation, the volume is confined between 47
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ml and 54 ml. For the second deformation stage, the upper and lower search bounds of the
ventricular volume are increased by 5%. Volumes at mid-diastole and end-diastole are
used in the optimization.

3.2

Fiber Angle Sensitivity Analysis in LV
In this study, we make use of a FE model that has been further divided into anterior,

lateral, posterior and septal segment with fiber angle assigned specific to these segments
in order to verify the ability of the LV model to capture the effects of region specific fiber
angles. We also take advantage of our discretized model to examine the effect of variation
of fiber angle in one specific segment on stress distribution in other segments as well as
the specific segment. Furthermore, we analyze the effect of sheet angle on stress
distribution in various segment. To do so, the model described in section 3.1 is used.
Therefore, readers are urged to refer sections 3.1.1 through 3.1.4 to get a brief
understanding on the methods used to obtain the model prior to discretizing the left
ventricular wall circumferentially into four parts. Each new part obeys the governing
equations described the last section. Therefore, they will not be restated here.
3.2.1

Left Ventricle regional discretization

A custom MATLAB code was developed, which divide the left ventricle
myocardium into four segments, namely, lateral segment, anterior segment, posterior
segment and septal segment, as shown in Figure 3.5 and then another MATLAB code was
used to incorporate fiber angles in each of the four segments of the LV varying linearly
from endocardium to epicardium, along with sheet angle varying linearly from base to
apex. Geerts et al. [52] reported a set of fiber orientation in the four segments of LV and
with slight modifications, those values were chosen as the benchmark to gauge the effect
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of fiber angle variations in different segments of the LV. The variations are done in such
a way that the fiber angles are varied in one segment of the LV but kept constant in the
other three segments. The spatial variation of sheet angles shows a complex global
structure [53] and unlike fiber angles it is hard to quantify regional variations. However,
concave shape is characteristic of a region close to the base of the LV [53] while it tends
to flatten or even acquire a convex shape as we move towards apex along the long axis of
the LV. Also, the definition of MSE function described by equation 3.14 was altered in
such a way that in addition to the mid-wall, the strain associated with the endocardium and
epicardium was also taken into account and compared between the model and MRI data
(as depicted in Figure 3.4). Accordingly, the total number of points in the objective
function was set to 𝑁 = 756.

3.3

Patch Augmentation in Anterior Mitral Valve
Utilizing previously developed FE models [30, 54, 55], (as shown in Figure 3.7)

and motivated by interventions described in the literature for patch installation [34, 35, 54,
56, 57] in the anterior leaflet of the MV, we sought to computationally simulate this
surgery. Figures 3.6 represent the left ventricles (LV) and mitral apparatus of the heart,
which are based on the geometry reconstructed from imaging data collected by MRI in
sheep with myocardial infarction. Readers are referred to [30] for more details regarding
the animal preparation and construction of the baseline models. However, some important
points are restated below for convenience.

36

Figure 3.5 Mesh generated for finite element analysis with TrueGrid software. Note that
the walls are three element thick. R denotes radial axis, L denotes longitudinal axis and C
shows the circumferential axis. (A) Depicts the cross-section view and (B) illustrates the
top view. The star shows the starting point of elements and the element number are counted
w.r.t. starting element in the circumferential direction, as shown. The 4 segments are
defined such that anterior segment is segment 1, lateral segment is segment 2, posterior
segment is 3 and septal segment is segment 4.

Figure 3.6 FE model of the left ventricle used to simulate the anterior patch with important
regions labeled. In the coordinate system shown, l, r and c stands for the longitudinal, radial
and circumferential directions, respectively.
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3.3.1 Myocardial infarction
A single healthy sheep used in this project was treated in compliance with the
“Guide for the Care and Use of Laboratory Animals” referred by the Institute of
Laboratory Animal Resources, National Research Council, and published by the National
Academy Press, revised 1996 [47].
While on anesthesia, the animal underwent posterobasal myocardial infarction [58].
Eight weeks after MI, the sheep underwent trans-diaphragmatic echo and MRI scanning.
The severity of MR was quantified from the echocardiograph image and rated as 2+ in
severity. Via catheterization of the LV, end-diastole (ED) and end-systolic (ES) pressure
was reported as 6.09 mmHg and 94.6 mmHg, respectively. For left atrium (LA), the
pressure was not measured but at ED and ES, it was assumed to 1.12 mmHg and 9.46
mmHg.
3.3.2

MRI and Image Analysis

For the construction of the model, a series of orthogonal short and long-axis MRI
images were acquired, as shown in Figure 3.6 (A&B), and described in detail by Guccione
et al. [59]. The MV annulus and leaflets were identified from the MRI employing the
custom software Find Contours (Cardiac Biomechanics Laboratory, San Francisco VA,
San Francisco, CA). The chordae tendineae could not be recognized from the MRI.
Therefore, they could not be contoured. However, the chordae were computationally
reconstructed using anatomic images of a MV from an excised heart [45].
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Figure 3.7 A: Short-axis MRI slice with counter lines B: Long-axis MRI slice with counter
lines. Image from Guccione et al. [59], with permission from The Journal of Thoracic and
Cardiovascular Surgery.
3.3.3 Material Response
In this study, the material chosen for passive response of myocardium was based
on the model proposed by Guccione et al. [17]. The model is formulated to demonstrate
the hyper-elastic, nearly incompressible, and transversely isotropic behavior of the local
myofiber direction. The strain energy function is as follow;
𝐶

𝑘

3.15

W = 2 (𝑒 𝑄 − 1) + 2 (𝐽 − 1)2
Where Q is defined as
2
2
2
2
2
2
2
2
2 )
𝑄 = 𝑏𝑓 𝐸𝑓𝑓
+ 𝑏𝑡 (𝐸𝑠𝑠
+ 𝐸𝑛𝑛
+ 𝐸𝑠𝑛
+ 𝐸𝑛𝑠
+ 𝑏𝑓𝑠 (𝐸𝑓𝑠
+ 𝐸𝑠𝑓
+ 𝐸𝑛𝑓
+ 𝐸𝑓𝑛
)

3.16

Where 𝐸𝑖𝑗 are the deviatoric components of the Green-Lagrange strain tensor relative to the
fiber coordinate system. Indices, f, s, and n are the fiber direction, cross-fiber in plane
direction and trans-fiber direction, respectively. J is also the determinant of the deformation
gradient or the volume ratio.
Systolic stress, in this simulation was defined as the sum of the passive stressed
(derived from equation 3.15 and equation 3.16) and an active directional oriented stress ,
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𝑇0 [37, 60], was implemented by a time varying elastance model. Accordingly, at endsystole, 𝑇0 was reduced to
1
𝐶𝑎02
0.25
𝑇0 = 𝑇𝑚𝑎𝑥 ( 2
)
(1
−
cos
(
+ 1) 𝜋)
2
2
𝐶𝑎0 + 𝐸𝐶𝑎50
𝑚𝐼𝑅 √2𝐸𝑓𝑓 + 1 + 𝑏

3.17

Where b is a constant, 𝐶𝑎0 is the intracellular calcium concentration, 𝑇𝑚𝑎𝑥 is the maximum
2
isotropic tension achieved through maximal activation. Finally, 𝐸𝐶𝑎50
is the length

dependent calcium sensitivity parameter defined by
2
𝐸𝐶𝑎50
=

(𝐶𝑎0 )𝑚𝑎𝑥

3.18

√𝑒 𝐵(𝑙𝑅 √2𝐸𝑓𝑓 +1−𝑙0) − 1

In equation 3.18, B is a constant, (𝐶𝑎0 )𝑚𝑎𝑥 is the peak intercellular calcium concentration,
𝑙0 is the sarcomere length at which no tension develops, 𝑙𝑅 is the reference sarcomere length
in an unloaded state. For more details on the active stress at end-systole (and derivation of
equation 3.17), readers are encouraged to read the reference paper [37, 60] on this topic.
3.3.4

Finite Element Model

A FE model was created that incorporates the infarct, remote, and border-zone
regions of the LV with different material properties, as shown in Figure 3.7. The volume
mesh of the LV wall was generated with 8-node trilinear brick elements, using a single
integration point for computational efficiency. For the surface meshes of the mitral valve
leaflets, B-spline curves were used to fit the points generated from the magnetic resonance
images. The MV leaflets were modelled with 4-node bilinear shell elements, and each
leaflet was assigned different material properties and eventually evaluated by using a
single integration point through the leaflet thickness. Chordae tendineae were simulated
with 2-node beam elements, where the strut (basal) and edge (marginal) chordae were also
assumed to have different material properties. In order to avoid further complications, they
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were connected directly between the papillary muscles and the mitral leaflets, without
branching. A total of 24 edge chordae were connected to the nodes on the free-edge of
each leaflet to imitate the connection points seen in-vivo. There is also a total number of
16 strut chords out of which eight connect to anterior leaflet and eight other connect to
posterior leaflet of the mitral valve.
Cardiac myofiber angles were assigned such that they would linearly vary from
−37° to 83°, from epicardium to endocardium, respectively, along the wall thickness [61].
In the MV, the fiber angles were aligned with the circumferential and radial direction of
each leaflet, where the circumferential direction was along the curvature of each leaflet, as
seen in Figure 3.6. The inner wall of the LV was loaded to the measured in-vivo enddiastolic and end-systolic pressures. In order to model the pressure gradient between the
atrium and ventricle during the diastolic phase, the pressure was assigned to act inward on
the leaflets from the atrium and outward during the systolic phase.
3.3.5

Constitutive models

The left ventricle is assumed to be nearly incompressible, transversely isotropic,
hyperelastic material, the constitutive laws for passive [17] and active myocardium [37]
were assigned in a user-defined material subroutine for the explicit FE solver, LS-DYNA
(Livermore Software Technology Corporation, Livermore, CA) [62]. For the leaflets, the
LS-DYNA material model (*MAT_091) [62, 63] was used, which is based on the
constitutive model proposed by Quapp and Weiss [63]. For more details, readers are
encouraged to read the document prepared by Weinberg and Mofrad [64].
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Table 3.1 Material properties for various regions in myocardium for the model used in
anterior mitral valve patch implantantion. The passive parameters [17]are 𝐶 (𝐾𝑃𝑎), 𝑏𝑓 ,
𝑏𝑡 and 𝑏𝑓𝑠 ,and the active contraction parameter [37] is 𝑇𝑚𝑎𝑥 (𝐾𝑃𝑎).
Region
𝐶 (𝐾𝑃𝑎)
𝑏𝑓
𝑏𝑓𝑠
𝑇𝑚𝑎𝑥 (𝐾𝑃𝑎)
𝑏𝑡
Remote
0.3
49.25
19.25
17.44
180
Borderzone
0.3
49.25
19.25
17.44
90
Infarct
3.6
49.25
19.25
17.44
0

Accordingly, the strain energy function for the leaflet tissue is;
1
2
𝑊 = 𝐶1 (𝐼̅1 − 3) + 𝐶2 (𝐼̅2 − 3) + 𝐹(𝜆) + 𝐾(𝑙𝑛(𝐽))
2

3.19

Where 𝐼̅1 and 𝐼̅2 are the deviatoric invariants of the right Cauchy-Green deformation tensor
(defined previously, equations 2.9-2.11), 𝜆 is the deviatoric part of the stretch along the
present fiber direction, and 𝐽 = det(𝐹) is the volume ratio between present configuration
to the original configuration. The parameters 𝐶1 and 𝐶2 are the Mooney-Rivlin material
coefficients and 𝐾 is the bulk modulus and for permissible range of stretch;
𝜕𝐹
𝜕𝜆

=

𝐶3
𝜆

3.20

[𝑒𝑥𝑝(𝐶4 (𝜆 − 1)) − 1]

Where 𝐶3 and 𝐶4 are the material coefficient and must be defined by the user.
For modelling the chordae tendineae, a cable element formulation (*MAT_071)
was employed, which bears load only in tension and does not sustain bending or
compression. For the model, the material properties of the myocardium are tabulated in
Table 3.1 [65, 66]. Accordingly, the infarct was modelled as passive during the contraction
phase. Meanwhile, the contractility of the border-zone was assumed to be 50% of the
remote region [65, 66] and the infarct region was assigned a passive stiffness that was an
order of magnitude larger than the remote region. The material properties for the mitral
leaflets are given in Table 3.2 [62, 63].
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Table 3.2 Quapp and Weiss’s [63]material parameter used to describe material properties
of a mitral valve. The subscript, “cir” and “rad” refers to circumferential and radial
directions, respectively.
Leaflet
𝐶1 (𝐾𝑃𝑎)
𝐶2 (𝐾𝑃𝑎) 𝐶3,𝑐𝑖𝑟 (𝐾𝑃𝑎)
𝐶4,𝑐𝑖𝑟
𝐶3,𝑟𝑎𝑑 (𝐾𝑃𝑎) 𝐶4,𝑟𝑎𝑑
Anterior

100

0.0

1.5

25

1.0

23

Posterior

40

0.0

3.0

16

1.0

16

3.3.6

Anterior Mitral Valve Patch Simulation

The motivation for this portion of the study was to assess the effects of a patch in
the anterior leaflet of the mitral valve on force distributions in the chordae tendinae, as
well as the coaptation between the leaflets. As a first approximation, the patch was
generated by modifying the model described previously in section 3.1. Specifically, the
elements in the central portion of the leaflet were assigned a distinct set of material
properties, which were different than the native tissue (Figure 3.8). The light green region
shows the region on the anterior leaflet assigned to be the patch. This approach implies
that the tissue in that region was removed and replaced with a patch.

This is a

simplification, but provided a straightforward way to include a patch. In order to assess
the influence of patch materials properties, the isotropic and directional stiffness of the
patch were adjusted over a range of parameters. The constitutive law used for the patch
region was the same as the leaflet tissue. The variation of the isotropic and directional
parameters was done in such a way that when one was varied about the baseline value, the
other was kept constant. The variations are discussed in more detail in the Results chapter
of the dissertation.
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Figure 3.8 Finite Element model showing the LV of the heart in underfomed configuration
used to simulate patch augmentation on the anterior leaflet. On the right is the components
attached to the MV leaflets that position the valves from inside through the chords and the
papillary muscles. The radial and circumferential directions are also illustrated on the
anterior leaflet of mitral valve. Note that papillary muscles are attached to the inner wall of
the LV.
3.4

Patch Augmentation in Posterior Mitral Valve
In this study, we sought to simulate the installation of an elliptical patch in the

posterior leaflet [30, 35, 67], with the goal of mimicking more realistic aspects of this
mitral value surgery rather than having the geometry in the final “installed” shape as was
done in section 3.3. Our rationale is based on inducing a more realistic pre-stress or prestrain that would exist in a real patch when it is sutured into place. Additionally, the
connection between the patch and the leaflets will experience non-linear pre-stress
distribution at their connections in a real surgery. The model that was employed for these
simulations was based on previous work [54, 68]. The model preparation is similar to that
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described in section 3.3 and interested readers are encouraged to read the cited papers for
more details.

Figure 3.9 Finite Element model showing the LV of the heart in underfomed configuration
used to simulate patch augmentation on the posterior leaflet. The posterior leaflet is shown
by pink colored elements.

3.4.1

Method

The adult sheep used in this research was treated in compliance with the “Guide for
the Care and Use of Laboratory Animals” [54]. The model used in this research was one
of the five Dorset sheep that underwent postero-lateral myocardial infarction as described
by Soleimani et. al. [69]. The MRI was obtained at 16 weeks after MI [68, 69]. The left
ventricular myocardium was discretized into three distinct regions, namely; remote,
border-zone and MI region. The mitral apparatus was reconstructed in compliance with
the procedure suggested by Wenk et. al. [30, 70]. Posterior and anterior mitral leaflets were
modelled using B-spline curves that approximated the leaflet contours. Edge chords were
attached to the free edges of the leaflets and the strut chords were attached to the midsection of their corresponding leaflets. In order to isolate the mitral valve from the impacts
from the left ventricular boundaries in the FE model, the basal myocardial nodes were
45

extended above the mitral valve plane and the basal epicardial nodes were fully constrained
[54].
3.4.2

Constitutive Equations

The passive and active material laws [17, 38] for myocardium are defined
previously in section 3.3. Constitutive equations describing the behavior of the leaflets are
presented previously, as well and can be referred in equations 3.15-3.20. However, the
material constants describing the left ventricular wall are different since the animal used
in the study is different. The patch that is virtually implanted within the posterior leaflet is
the new part developed in this research and its material properties are defined in the
following section.
Table 3.3 Material properties for various regions in myocardium for the model used in
posterior mitral valve patch implantation. The passive parameters [17] are 𝐶 (kPa), 𝑏𝑓 ,
𝑏𝑡 and 𝑏𝑓𝑠 ,and the active contraction parameter [37] is 𝑇𝑚𝑎𝑥 (KPa).
Region
𝐶 (𝐾𝑃𝑎)
𝑏𝑓
𝑏𝑓𝑠
𝑇𝑚𝑎𝑥 (𝐾𝑃𝑎)
𝑏𝑡
Remote
0.3
49.25
19.25
17.44
203
Borderzone
0.3
49.25
19.25
17.44
61
Infarct
2.9
49.25
19.25
17.44
0

3.4.3

Posterior Mitral Valve Patch Construction

The FE model of the patch was done using the LS-DYNA material model
(*MAT_027), which is based on the Mooney-Rivlin law. This material is isotropic and
stress is dependent on the invariants defined by right Cauchy Green deformation tensor.
The strain energy density function is defined as;
𝑊 = 𝐴(𝐼 − 3) + 𝐵(𝐼𝐼 − 3) + 𝐶(𝐼𝐼𝐼 −2 − 1) + 𝐷 (𝐼𝐼𝐼 − 1)2
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3.21

where
𝐶 = 0.5𝐴 + 𝐵
𝐷=

3.22

𝐴(5𝑣 − 2) + 𝐵(11𝑣 − 5)
2(1 − 2𝑣)

3.23

v is the Poisson’s ratio that was chosen to be very close to 0.5 to mimic incompressibility,
2(𝐴 + 𝐵) is the shear modulus of elasticity and 𝐼, 𝐼𝐼 and 𝐼𝐼𝐼 are the invariants of the right
Cauchy-Green

deformation tensor as defined in section 2.1. In our research, 𝐴 =

201.021 kPa and 𝐵 = 13.201 kPa, as suggested by Cosola et al. [71]. When these values
are utilized, the Mooney Rivlin model mimics the mechanical response of the pericardium,
which has been widely used in mitral valve patch augmentation surgeries. In order to model
the sutures, the LS-DYNA material model (*MAT_074) [62] is used. This material is the
simplest form of the LS-DYNA “spring” element, in which the beam can bear load only in
its axial direction, in a linear manner. However, the capacity to carry initial force and have
viscous damping makes it very useful in modeling sutures. Moreover, being a simple
element makes its conversion from deformable to rigid computationally easier.
Mathematically;
𝐹 = 𝐹0 + 𝐾∆𝑥 + 𝐶∆𝑥̇

3.24

Where ∆𝑥 is the change in length of the element, F is the force within the element, 𝐹0 is
the initial force at time zero within the element, K is the stiffness, and C is the damping
viscosity. The stiffness is equated to zero in the beginning of the simulation. Depending on
the properties used to represent the patch in each simulation, a small amount of damping
was assigned to the spring. Accordingly, 𝐹0 or the initial force applied to the suture was
also changed. Finally, when the patch is installed, computationally K is assigned a very
large value (made rigid). Henceforth under any loading conditions, ∆𝑥 remains zero,
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ensuring the fixation of the two end nodes of the beam element at a constant but small
distance. This means that the patch will not separate from the leaflet under any loading
conditions that may applied during the rest of the simulation.
Based on the papers on patch augmentation in posterior leaflet of the mitral valve
[35], a standardized oval pericardial patch was created in our FE simulation. Accordingly,
in order to create the incision in the posterior leaflet, a series of elements with a continuous
length of approximately 25 mm from the original model were refined into two halves and
one half of the newly formed elements were deleted. This removal of elements from the
posterior leaflet formed a slot-like vacancy that was meant to host the patch when
embedded. The slot contained 50 nodes that existed on the free edge. The elements
neighboring the incision region were also refined to transition from finer mesh around the
slot to the already existing coarser mesh. The patch was modelled as an elliptical shape
with a major axis of 25 mm and a minor axis of 12 mm (as shown in Figure 3.10). It was
modelled using a combination of 3-node triangular and 4-node rectangular shell elements.

Figure 3.10 A: Actual pericardial patch sutured into the leaflet of sheep MV for in vitro
study of chordal force viewed from the left atrium. B: Viewed from the atrium after
injection of pressurized water with prolapse. Image from Granier et al. [34], with
permission from The Journal of thoracic and cardiovascular surgery.
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Figure 3.11 The construction stages of the FE model used to simulate posterior patch
augmentation surgery. The shell elements representing the posterior leaflet were refined
and a series of those elements were deleted to make a slot of length 25 mm, as shown in
the middle. The final model is attached to a patch whose main axis is coaxial with the slot
and its minor axis is half the size of its major axis. Suture chords that anchor the patch to
the leaflet is shown in light blue.
The size of the mesh was adjusted so that the number of nodes on the boundary of
the patch equals the number of nodes in the “incision” region. The patch (as shown in
Figure 3.10) was placed 10 mm above the created incision. Spring elements, meant to
mimic the surgical sutures, were used to connect the free edges of the patch and incision
together. The sutures connecting the patch and posterior leaflet (see Figure 3.9) were
modelled using linear elastic springs with no stiffness, but were assigned a small amount
of damping. Considering the viscous damping resistance in the sutures, an initial residual
force was applied within the sutures, such that the suture elements contract to a negligible
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length without rebounding back to its original length. Simultaneously, a relatively small
pressure in the opposite direction was applied to the patch in order to avoid element
distortion and was ramped up slowly so as to give the patch its desired initial installed
shape. It should be noted that the spring stiffness parameter was set to zero as a numerical
necessity, in order to have the elements contract to zero length. This was needed to mimic
the patch and leaflet being sutured together. After the patch was successfully installed into
the “incision” region, the ventricle and mitral apparatus were loaded with the measured
pressure and simulated to end-systole. In this way, this simulation was in steady state after
the implementation of pressure inside the left ventricle until the end of the simulations.
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CHAPTER 4. RESULTS AND DISCUSSIONS
4.1

Parameter Analysis of the Holzapfel and Ogden Law
In previous studies [48], it had been suggested that Holzapfel and Ogden’s model

can capture the non-linearity of the diastolic expansion slightly better than the model
developed by Guccione et al. [17]. In this study, we sought to assess the influence of using
the four, six, and eight parameter forms of the constitutive law developed by Holzapfel
and Ogden [22]. Specifically, the parameters were determined by minimizing the
difference between the model predicted strain field and that measured from MRI. This was
done using a single animal case. As suggested in previous literature, the 𝑎′𝑠 and 𝑏′𝑠 in the
optimization were bounded by zero to 10 and zero to 100, respectively [48, 49]. History
plots of the objective function values indicated that the optimization tended to converge
after a few generations.
Table 4.1 Material properties for various forms of Holzapfel and Ogden’s model. All 𝑎’s
have the dimension of stress (kPa) and all 𝑏’s are dimensionless.
Parameters
MSE
𝑎𝑓
𝑎𝑓𝑠
𝑏𝑓
𝑏𝑓𝑠
𝑎
𝑎𝑠
𝑏
𝑏𝑠
8
0.461 4.669 0.349 3.533 26.45
4.67
73.45 42.55 13.67
6
0.667 6.125 0.151
0.0
30.83
22.7
41.65
0.0 14.33
4
1.432 5.882
0.0
0.0
11.39
7.68
0.0
0.0 14.04

As expected, the orthotropic model with eight parameters has the best fit with
respect to the strain data obtained from MRI tagging. Hence the value of the mean squared
error (MSE) is the least. The six parameter model considers no coupling between the fiber
direction and the sheet direction. This model has the least optimal fit relative to the other
two models. The four parameter model assumes that there is one dominate fiber direction
which is true in reality, but ignores any difference between the sheet direction and normal
direction, as well as the coupling. Interestingly, this reduced form of the constitutive law
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produced a slightly better fit to the experimental data than the six parameter form. Since
the MSE values do not change as variation of sheet angle and considering the identical
fiber orientation angles used in all cases, it can be concluded that fiber angles play the most
important role in capturing the mechanics of the myocardium and the role of sheet angles
is negligible. The results are in agreement with the ones suggested in some literatures [72].
Hence since only one model was used in this study and that there are geometrical variations
in a population, more animal data is required. The long-term objective of this project was
to improve techniques that can be used to build patient-specific models that can help the
diagnosis and treatment of heart disease. In present publications, e.g. Dokos et al. [12], it
has been demonstrated that there is higher stiffness associated with sheet direction than
normal direction.

4.2

Parameter Analysis with Varied Fiber Angles and LV Segmentation
Various attempts have been made to incorporate the maps of the fiber angles into

LV models [8, 73] and reconstruction of the map is still an ongoing topic in cardiac
research. Fiber orientations vary continuously through the myocardial wall [8] and this
complex organization is closely linked to the mechanical [74] and electrical myocardial
function [75-78]. Electrical pulses propagate preferentially along the myocardial fiber
direction, resulting in their synchronous contraction [73]. Mechanically, the helical fiber
distribution in the left ventricular walls contributes to the torsional motion of the heart
during the active contraction phase leading to higher heart efficiency [74]. Hence in order
to quantify the role of fiber angles attributed to a left ventricular model we sought the
following simulations.
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Accordingly, in order to capture the effect of fiber angle variation, in the left
ventricle, we opted to used four sets of fiber angles rather than one set of fiber angle to
model the whole left ventricle as was done in previous studies. Employing the results from
the discretized model of the left ventricle, the constants for the 8-parameter Holzapfel and
Ogden’s model were update as tabulated in Table 4.2 and later used as baseline parameter
material properties. Every simulation in this section has a unique set of parameters.
Although they are different from the simulations in the previous section, they are constant
throughout the current section. The fiber angle in each of the four segments were chosen
from the literature [52], as shown in Table 4.3 to represent the properties of the baseline
model. The sheet angles were assigned to vary from −450 to +450 , from endocardium to
epicardium, respectively. In Table 4.2, the MSE value obtained from the baseline case is
used as a criterion to quantify the effect of implementation of various sets of fiber angles,
in various regions. The choice of fiber angles was based on the baseline fiber angle
directions and were bounded by a maximum deviation of 450 . Figure 4.1 shows the stress
variation in the baseline case. As expected, the stress on endocardial wall is different from
the ones at the epicardial wall and the mid-wall section. Moreover, the average stress is
not the same as the stress at mid-wall implying that stress does not vary linearly throughout
the wall thickness. According to the graph, the highest stress is seen at septal regions,
which in fact, divides the left ventricle from the right ventricle.
Table 4.2 Material properties for various forms of Holzapfel and Ogden’s model. All 𝑎’s
have the dimension of stress (kPa) and all 𝑏’s are dimensionless.
Baseline
MSE
𝑎𝑓
𝑎𝑓𝑠
𝑏𝑓
𝑏𝑓𝑠
𝑎
𝑎𝑠
𝑏
𝑏𝑠
model
0.630 0.133 0.220 3.302 49.360 6.022 72.36 9.374 266
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Table 4.3 Fiber angle variation in the four segments of the left ventricle. The variation is
linear from endocardium to epicardium and the values show the angles on the free surface
endocardium and epicardium, respectively.
Model
Anterior
Lateral
Posterior
Septal
MSE
endo
epi
endo
epi
endo
epi
endo
epi
Baseline
-55
90
-55
85
-40
80
-85
50
266

Figure 4.1 Principle stress variation along the circumference of the left vertricular wall, at
different regions.

While keeping the fiber angles fixed in all segments but varying in the anterior
region, six simulations were conducted such that a random combination of angular
−40
variation of −55 −35
+25 at endocardium and +90+0 at epicardium were chosen. Evaluation

of the MSE values indicated that the maximum change was less than 1%.

When

considering the variation in other regions, it indicates that the fiber angles are least
sensitive to variation in the anterior region of the ventricular wall than other segments.
−40
Similarly, the variation of fiber angles in the lateral segment about −55−20
+20 and 85+0

indicated a maximum 2% change in MSE. Also, the variation of fiber angles in posterior
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−40
segment about −40−20
+20 and 85+0 indicated a maximum 2% change in MSE. A total of

five simulations was used for this purpose. Finally, the simulation results with varying
septal myofiber angle showed the highest change in MSE, i.e., a decrease of 4% relative
−15
to the baseline case. The angles were −85−0
+5 and 50+20 , at epidardium and endocardium,

respectively.
The results from the aforementioned tests show moderate to small variation in MSE
value. In order to examine the impact of a “random” myofiber angle, a few more
simulations were done and the results are demonstrated in Table 4.4. The search was not
intent to find the set of most unfit fiber angle but to examine the sensitivity of MSE value
to offset values of fiber angle. Consequently, it was concluded that set of fiber angles used
as the reference maps the fibers in our case study work well, even though the reference
map belongs to goat but in our study case, the geometrical reconstruction was based on a
pig heart. The take away message from the last two simulations is that, especially from
Random1 simulation where fiber angles are aligned purely circumferential as opposed to
helical, the ability of the FE model to mimic the in vivo deformation, become the least.
This supports the helical theory [74] of fiber angles mentioned before. Finally, to test the
sensitivity of MSE to variation in sheet angle, a few more simulations were done where
fiber angles kept unchanged. The results found negligible relation between the variation
of the fiber sheet angle to MSE alteration. These findings have already been predicted by
Nilou et al. [49], even though their prediction was not based on segmented left ventricle.
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Table 4.4 Random fiber angle assignment to the four segments of the left ventricle and
their corresponding MSE values.
Model
Anterior
Lateral
Posterior
Septal
MSE
endo
epi
endo
epi
endo
epi
endo
epi
Random1
0
0
0
0
0
0
0
0
299.8
Random2
45
-20
60
-20
40
-20
30
-40 282.9
4.3

Anterior patch modelling
In order to reduce the leakage associated with mitral valve regurgitation, several

different repair methods of the mitral valve have been proposed and examined including,
the papillary muscle sling [79], papillary muscle relocation [80], and selective chordal
cutting [81] to correct FIMR. The most widely practiced surgical procedure is coronary
artery bypass grafting, ring annuloplasty, or a combination of both[67, 81-83]. In 1966,
Sauvage and Wood [84] were the first to harness a pericardial patch augmentation in mitral
valve repair surgery. Henceforth, leaflet augmentation has been employed in various mitral
valve surgeries to repair FIMR [56, 67]. The literature reported good short-term results.
However, long-term data and more specific knowledge of the complication of the mitral
valve and the left ventricle requires thorough evaluate of the efficiency of this procedure
[35]. The choice in the present study to simulate the mitral valve augmentation on the
anterior leaflet to displacement of the papillary muscle is motivated by the lack of
comprehensive finite element simulation studies on this topic.
In order to model the patch material, the constitutive equation that is the same as
the leaflets were used. Moreover, since the patch is located on the anterior leaflet (see
Figure 4.2B), the baseline material properties for the patch were chosen to be the same as
the ones of anterior leaflet, as described in the previous chapter. In the following sections,
the role of the isotropic stiffness coefficient of the patch, i.e., 𝐶1 , in changing the
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deformation of the valves and the force in the chords is studied. Then, a study is done on
material properties by varying the stiffness coefficients along with radial and
circumferential direction of the implanted patch on the anterior leaflet of the MV at ES.
Figure 4.2A shows reference model of the anterior leaflet with no patch installed on it and
4.2B shows the deformed configuration of the anterior leaflet with patch implanted in it.
As a result of these changes in the geometry and biomechanics of the anterior leaflet, the
movability of the leaflet edges increase, leading to an increased coaptation.
Figure 4.3 shows reference and patch models superimposed on each other. The
wired geometry depicts the deformed configuration of the patch model, which is clearly
bulging upward. Accordingly, in the images of Figure 4.3, the free edge of the anteroir
leaflet with a patch installed moves horizontally forward (towards the posterior leaflet)
and downward towards the papillary muscles, leading to more coaptation and lesser
leakage.

Figure 4.2 A: Deformed configuration of the reference model with no patch B: deformed
configuration of model with patch segment on it
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Figure 4.3 The deformed shape of the reference model is shown with solid lines,
superimposed on the defomed configuration of the patch model shown in wired lines.
This finding shows strong agreement with both in vivo and in vitro experimental
studies of patch augmentation [34, 85]. However, as pointed out by Granier et al. [34], the
surgeons should be cautioned about the redistribution of leaflet stresses with increased
load on the patch area. As a result, the long term effect may be that the leaflet mobility is
reduced in the pericardial patch augmentation surgeries and this may likely be related to
thickening of pericardial patch material over time [86]. This change in stress has
previously been shown to promote fibrosis and calcification. In the following section, the
sensitivity of parameters defining the patch material property is examined with respect to
the distribution of force in the strut chords.
4.3.1

Sensitivity to variation in overall stiffness

Apart from pericardium, corMatrix [86, 87] has also been used clinically and
experimentally. In fact, CorMatrix (CorMatrix Cardiovascular, Inc, Atlanta, GA) is a
material made of intracardiac patches of decellularized porcine small intestine submucosa,
which become repopulated with native cells. This suggests the possibility of a substrate
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for regenerative tissue in humans [87]. CorMatrix does not show signs of calcification in
experimental setup. Obviously, these two materials vary in their mechanical response to
the pressure induced in the left ventricle. With regards to patch material properties and
their effect on coaptation of the mitral valve, there exists no finite element studies and
experimental studies are limited. One experimental study on the porcine mitral valve
showed strong correlation between the forces in the mitral valve secondary chordae
tendineae and the applied transvalvular pressure [88].
In these simulations, in order to quantify the effect of isotropic stiffness of the patch
on force sustained by the strut chords in our model, the value of 𝐶1 in equations 3.19 was
varied from 10 kPa to 1000 kPa while, other parameters were fixed. It is important to note
that a 𝐶1 value of 300 kPa represents the properties of the original MV leaflet. As Figure
4.4 shows, the sum of forces sustained by the strut chords increase with the increase in the
overall stiffness above the baseline value of 300 kPa. However, it can be inferred that the
force transferred to the chords does not change substantially beyond 𝐶1 = 500 kPa. In
other words, load sustaining capacity is saturated beyond this point. The more important
observation from Figure 4.4 is that as the patch stiffness decreases below the baseline
value, the force in the chords decreases in a nonlinear manner. In fact, the deformed state
shown in Figure 4.3 corresponds to a compliant patch, which means softer patches can
lead to more coaptation. This can could be an important point in designing patches for
mitral valves in future. Also notably, as the stiffness is above 𝐶1 = 47 kPa, the posterior
chords bear more load than anterior ones and this result is in agreement with the literature
[34, 88]. This reverse in load carrying capacity becomes important, since due to
calcification [34] that may follow the implant, the patch will potentially become stiffener
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reversing back the load redistribution within the chords. It should also be noted that at
𝐶1 = 300 kPa, which represents a properties of the original MV leaflet, the forces in the
anterior and posterior strut chords is 0.946 N and 1.263 N, respectively, which means
posterior chords bear 34% more load, which is in accordance with literature [34]. The
finding of this section can help decide whether the stiffness property of the patch should
be less than that of the valve or higher. However, in our model since the infarction is in
the posterior region, it seems logical to guide the load from unhealthy set of chord to
healthier ones to avoid tethering and trigger the least remodeling beyond a certain limit, of
the region of the left ventricle.

Figure 4.4 Change in force sustained by the set of strut chords connecting to anterior and
posterior leaflets at end diastole when isotropic stiffness 𝐶1 varying from 10 kPa to 1000
kPa. Note that 300 kPa matches the properties of the native leaflet tissue.
4.3.2

Sensitivity to variation in the ES patch area

The higher surface area of the patch provides the edge of the modified leaflet more
mobility. In other words, if the patch is implanted in the right place, the free edges of the
leaflet that are able to come close to one another, which improves coaptation. Keeping that
in mind, in this section the connection between the isotropic stiffness of the patch and its
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surface area at end-systolic configuration is studied. In this simulation, the undeformed
patch area is 75.787µm2 . However, as depicted in Figure 4.5, at end systole, the area of
the patch become higher than its original size and as the stiffness decreases, the areal strain
of the patch increases causing the area to become larger. Consequently, in designing a
patch for a specific patient, keeping the ventricular pressure in mind, the relationship
between area strain to the isotropic stiffness in order to reach the desired patch at end
systole can be a useful metric.
4.3.3

Sensitivity to variation in directional stiffness

The leaflets of the mitral valves are composite in nature. The orientation of the
fibers and layers that constitute the mitral valve guide the tensions and forces to minimize
the regurgitation in a healthy valve. Therefore, for design purposes of a mitral valve patch,
the directional stiffness of the patch and its relationship with the directional stiffness of the
leaflet can be important. In this section, in order to gauge the importance of various
components of the governing equation (i.e., Equations 3.19 and 3.20), the load sustained
by the posteromedial and anterolateral strut chords are quantified with respect to variation
of circumferential component of two different isotropic stiffness’s, i.e., at 𝐶1 = 100 kPa
and at 𝐶1 = 300 kPa. The circumferential component or 𝐶3,𝑐𝑖𝑟 , is varied from 0.01 kPa to
10 kPa. The same is done with the radial component and similarly other parameters are
kept constant. The results for the radial stiffness component is shown in Figure 4.6, and
depicts that there is very small increase in force sustained by the posterior and anterior
chords as the stiffness in circumferential direction increases. More importantly, the
difference between the force sustained by the two sets of chords is constant for most
variations. When comparing the two sets of chords at different isotropic stiffness’s, the
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variation in circumferential stiffness seems the least affected at 𝐶1 = 300 kPa. These
results highlight the importance of overall isotropic stiffness compare to the
circumferential ones in the model. However, the change in circumferential parameter of
the patch material law shows even less alteration in load dynamics in the two sets of
chords. This implies the importance of the radial stiffness component when compared to
the circumferential stiffness at lower isotropic stiffness value of the patch. Consequently,
one may interpret that in a patch design, the isotropic stiffness plays the most critical role
in altering the load carried by of the strut chords.

Figure 4.5 Variation in the patch area with respect to its isotropic stiffness in anterior mitral
valve patch simulation. The reference patch area is equal to 75.787µm2 .
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Figure 4.6 Change in force sustained by the strut chords connecting to anterior and
posterior leaflets at end diastole with 𝐶1 is 100 kPa and 300 kPa, 𝐶3,𝑐𝑖𝑟 = 2.5 kPa and
𝐶3,𝑟𝑎𝑑 varying from 0.01 kPa to 10 kPa. Note that 𝐶3,𝑟𝑎𝑑 = 1.0 kPa is the baseline value
4.4

Posterior patch modelling
In order to alleviate the major complication related to functional ischemic mitral

valve regurgitation, backflow of blood to the atrium, several different repair techniques
have been proposed and examined including, the papillary muscle sling [79], papillary
muscle relocation [80], and selective chordal cutting [81]. The most widely practiced
surgical procedure is coronary artery bypass grafting, ring annuloplasty, or a combination
of both [67, 81-83]. Studies suggest higher cardiac output in patients, when these two
methods are combined [83, 89]. The general approach with the mitral annuloplay is
undersizing the ring. However, the preferred shape for the ring is still up for debate [40].
Studies conducted using the finite element approach are limited, but those few studies
show that saddle shape rings and asymmetric mitral annulus have similar effect [40]. The
usage of pericardium in patch augmentations on mitral valve started in 1960s [84]. Since
then, leaflet augmentation has become more popular in various mitral valve surgeries to
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repair FIMR [56, 67]. Studies show good short-term results. Long-term effects and side
effects of the mitral valve repair requires thorough evaluate the efficiency of this method
[35]. This section is designated to the patch implantation simulation on the posterior leaflet
of the mitral valve and studying the impact of the material property and the thickness of
the patch on the modified left ventricle.
Finite element modeling of patch implantation can help assess the effects of the
implantation [90]. However, there are very few studies done in this field. It can be inferred
that reconstruction of the leaflets in patient specific models is still in its early stages with
regards to mitral valve regurgitation. One of the issues is that the FE model could not
replicate the in vivo MV geometry without the application of tethering pre-tension force in
the chordae at diastole [39]. On the positive side, the FE method is capable of predicting
regional stress, regional deformation, and quantifying stroke volume [90]. In this section,
implantation of the patch on the posterior leaflet was done through dynamical simulation.
Briefly, the modelling can be divided into four stages of the simulation. However, the time
referred in each section is not a real time, as it is computationally not possible to mimic a
real time patch implantation. The computational time for each simulation was about three
hours. However, since the simulations were under different condition and the
computational time varied in each simulation. The “virtual” time in all of the simulations
was set to be one second. The “real” time would be the time a surgeon would take to suture
the patch to the mitral valve of a patient, in the operation room. Therefore, we stress here
that the time referred in the following sections is a virtual time and the intent is to help
readers understand the motion of various components in various illustrations with respect
to each other. Each simulation took a total virtual time of one second but computationally,
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it took about three to five hours on a supercomputer that used 16 cores simultaneously. A
simulation time of one second was chosen to make sure that components of the FE model
reach quasi-static stability. For this purpose, the variation in the chordal forces was used
as a metric for final convergence. As Figure 4.7 depicts, during the entire simulation, the
chordal forces in anterolateral set of chords vary the least close to one seconds. All the
stage of the patch installation are shown in Figure 4.8 and Figure 4.9.

Figure 4.7 Convergence to quasi-static forces in posteromedial set of chords implying that
the system has reached static equilibrium at virtual time equal to one seconds into the
simulation.
During stage one, the edges of the patch are guided towards the edges of the incision
through the initial forces within the sutures. Simultaneously, a relatively small pressure in
the opposite direction was applied to the patch in order to avoid element distortion and
was ramped up slowly so as to give the patch its desired initial installed shape (Figure 4.8).
The force within the suture was adjusted according to the pressure under the patch and
viscosity that was assigned, to ensure smooth landing of the patch inside the incision.
Through trial and error simulations, it was found that about 60 milliseconds (of virtual
time) into the modelling, the edges of the patch and the incision come in smooth contact
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to each other. Therefore, at 61 milliseconds into the modelling, the suture elements were
transformed form deformable to rigid. One can think of this as the final tightening of the
sutures. This marks the end of the first stage of the modelling.
The drawback with explicit time-marching schemes is that they come with a
stability time-stepping restriction. The change in stiffness of the stature from zero to
computationally very large number in combination with translational velocity and angular
velocity of the nodes, could force the algorithm to choose very small time steps or halt the
simulation. Considering this, the second stage of the modeling was introduced to avoid
instability complications related to dynamical modeling and material transformations.
Therefore, it was decided to devote about 40 milliseconds for smoothing the critical
parameters that could induce instabilities. Consequently, the onset of LV myocardial
pressure was delayed until 100 milliseconds (of virtual time) of the simulation. In the third
stage of the simulation the pressure within the LV, MV apparatus, and the patch were
simultaneously ramped to the end-systolic (ES) value, allowing the modified MV and
patch to reach the deformed configuration (Figure 4.9) at 300 milliseconds. The applied
pressure boundary condition was steeper in the beginning of this stage (i.e., a higher rate
of loading) and then became less steep near the end of the stage. The fourth stage is to
ensure that at ES pressure, the model has stabilized. Therefore, under constant conditions,
and similar to ES condition, the pressure is kept constant from 300 ms to 1000 ms of the
simulation. The final deformed configuration of the LV with the installed patch can be
seen on the bottom right of the Figure 4.9.
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Figure 4.8 FE simulation of patch insertion and pressurization of the LV in the first stages.
The images of the FE model depict the posterior leaflet (pink), anterior leaflet (blue/red),
patch (mauve), and sutures (light blue) deformation can be seen at each time step. The
patch above the posterior leaflet are connected through spring elements resembling the
sutures at time zero is shown on the top left. At virtual time equal to 60 ms into the
modelling, the chords have very small length and the gaps between the patch and the free
edges the smallest. At (virtual) time = 61 ms, the suture chords become rigid elements and
kept rigid till the end of the simulation. Note: the LV wall is hidden from view to show pap
muscles and chords
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Figure 4.9 Simulation of patch insertion and pressurization of the LV in various stages after
full installation of the patch. Before (virtual) time = 100 ms, no pressure is applied inside
the LV and after that the pressure is ramped up pushing the patch and the leaflet outward,
simultaneously. The pressure reaches ES value at (virtual) time = 300 ms and kept constant
afterwards. There is very little deformation after 300 ms implying a stable modeling. Note:
the LV wall is hidden from view to show pap muscles and chords

The results from the ES phase of both the patch and baseline models were different
in a few important aspects. This could be seen in the region where the free edges of the
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posterior leaflet and the anterior leaflet come in contact with each other, as shown in Figure
4.10. In the baseline model, the longitudinal distance between the free edge of the anterior
leaflet and the free edge of the posterior leaflet seems to be twice as high compared to those
of the patch model.

Figure 4.10 Coaptation improvement in modified model with installed patch (viewed from
inside the LV). The small arrows show the free edges of the anterior leaflet and the
posterior leaflet of the mitral valve align in such a way that the valvar leakage is minimized
4.4.1

Variation in stiffness and thickness stiffness

A number of simulations were made with varying properties of the patch including
its equivalent isotropic stiffness and its thickness. The patch stiffness was varied over a
range of one to 15 times the original value. The resulting effect of varying the stiffness is
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illustrated in Figure 4.11. It also includes the baseline forces (in the model with no patch)
sustained by the anterolateral set of strut chords, posteromedial set of strut chords and their
sum, shown by a short line on the left hand side of the Figure 4.11. These forces have the
same order of magnitude as described previously in experimental studies done by Nielsen
et al. [91].
The chordal force reduction following patch implantation has also been
demonstrated experimentally [34, 35]. It is deemed that the extra mobility due to the
untethering effect help the chords adjust in such a way that the stress within the chords
attenuates. In other words, by implanting the patch, the dynamics of the chordal forces
change and the posteromedial carry more force while anterolateral set of chords showed a
reduction in force compared to before patch implantation. Moreover, as the stiffness of the
patch is increased, it is noticed that more force is shifted from the anterolateral set of chords
to the posteromedial set of chords. For instance, Rahmani et al. [35] reports that the effect
of displacing the posterior papillary muscle (a complication due to infarct) induces
tethering on the intermediate chordae tendineae to the posterior leaflet, and results in a
39.8% force increase. On the other hand, posterior leaflet patch augmentation of the
functional ischemic mitral valve regurgitation lead to a 31.1% force decrease. As a result
of this tradeoffs, there was no difference in force between the healthy and the repaired
valve. Granier et al. [34] also reports that there is 29% and 36 % reduction in the posterior
and anterior chordal tension.
We do not have the data from the subject before induced infarction, i.e., the data
acquired from the sheep when it was healthy. However, considering the FE model of the
reconstructed infarct model, after patch implantation, from Figure 4.11, it we can infer that
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there was 20% reduction in the total chordal force. As illustrated by total forces, the sum
of these two sets of forces does not change very much for the cases with various patch
properties. In our study case, the infarct is close to the papillary muscle insertion point that
connects the posteromedial chords to the left ventricle wall. If the infarct zone had actually
been close to the anteromedial papillary muscles, as opposed to the posterior in this model,
the higher stiffness in the patch could help unload the chords near the affected zone and
reduce the intensity of tethering forces, which can cause further complications.

Figure 4.11 Chordal forces in the original model versus the model with patch installed on
the posterior leaflet. The patch stiffness at the baseline counts as the patch reference
stiffness and its value is shown by one on horizontal axis. The higher numbers on the
horizontal axis refers to higher patch stiffness.
In this simulation, the patch was installed on the P2 scallop of the posterior leaflet.
The change in dynamic forces sustained in the two sets of chords raised the question about
the potential effect of the position of the patch near the P1, P3 sections or a combination
of these regions on posterior mitral valve leaflet. In another series of simulations, the patch
stiffness was fixed to the baseline patch properties but its thickness was varied. Since the
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patch is models as a membrane that only carries tangential stress (i.e., stress in the plane
of the patch) and no bending moments or shear stresses, the change in the thickness had
the same effect as changing the stiffness. In other words, the graphs showing the chordal
force variations were exactly same as the ones illustrated in Figure 4.9, when the thickness
was increased over the same multiple factor range.

Figure 4.12 Variation of the patch area in the modified model with respect to the (virtual)
time.
4.4.2 Variation in the patch area
In this section, the behavior of the patch area is investigated as a function of (virtual)
time as it evolves into to its deformed configuration, at conditions similar to end systole.
Figure 4.12 illustrates that at (virtual) time zero, the patch area is 2.255 X 10−4 m2 and
because of the pressure applied underneath it, it expands. However, before the installation
of the patch on the posterior leaflet, due to interactions with the tightening sutures, the
patch area does not increase monotonically. The patch area remains constant between 60
ms and 100 ms. This is the time span allotted for the system to reach computational
stability. After (virtual) time exceed 100 ms, the patch area increases with the same rate as
the pressure ramp. Interestingly, the patch area remains constant from 300 ms to 1000 ms,

72

and this is another proof the LV+Patch system has reached quasi-static equilibrium state
and our choice of halting the simulation at one second was reasonable.

Figure 4.13 Variation in the patch area with respect to its isotropic stiffness in anterior
mitral valve patch simulation. The reference patch area is equal to 2.25x10−4 m2

Figure 4.13 depicts the variation of the patch area as a function of stiffness which
also has the same effect as the variation of thickness. Similar to the result in the anterior
patch simulation, in this section, we notice that the patch area decreases as the stiffness or
the thickness of the patch decreases. Moreover, at about patch stiffness equal to seven
times the baseline value, the response of the patch to change in its stiffness reduces. As a
result, one can conclude that increasing the stiffness of the patch beyond this value does
not make geometrical changes in LV+Patch system and sets a limitation to the patch
stiffness as a design criterion for designing patient specific patch for clinical purposes.
4.4.3

Stress Variation in the Leaflets

In this section we discuss the effect of stress field in the leaflet after the installation
of the patch and compare it to the baseline model. Figure 4.14 shows the mitral valve of
the reference model as well as the patch augmented model. The patch model was simulated
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with the baseline patch material property but the patch has not been included in the
illustration to show the principle stress on the leaflet only. This is because the leaflets
experiencing high stresses may undergo remodeling. The comparison of the two images
illustrates that with installation of the patch, which causes untethering of the chords, the
stress in the leaflets reduces. However, at the connections between the patch and the
posterior leaflet, there is an induced stress concentration due to change in material
properties and the thicknesses of the two parts. This stress concentration is more
pronounced at the edges of the incision where the boundary curvature change is more
severe. The same can be inferred considering the radius change in the oval patch. At the
edge of the incision, the curvature of the patch is also the least, leading to the highest stress
concentration around the edges of the incision. This result must be taken into account when
weighing the benefits of reducing chordal forces and the possibility of elevated leaflet
stress. More studies are needed to quantify what level of leaflet stress is acceptable.

Figure 4.14 Stress field in the leaflets of the baseline model (in the left) versus the stress
field in the corresponding part of the patch augmented model. The stress in the patch is not
shown since it’s not prone to remodeling after installation.
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CHAPTER 5. CONCLUSIONS
5.1

Parameter Analysis of the Holzapfel and Ogden Law
In this project, the ability of different terms in the orthotropic model developed by

Holzapfel and Ogden, in capturing the strain of a porcine ventricle, was examined. The
result showed that the original eight parameter orthotropic model captures the mechanics
of passive deformation in the heart the best. However, there is an inconsistency between
the four and six parameter ability in terms of the error between the model and MRI
deformation. The results imply that one can employ the four parameter model at the loss
of small relative precision but gain a lot of computational discounts. These computational
savings become very important when dealing with larger data set and is a step in
developing software to help patients in hospitals at a faster pace in the future. However,
more study cases are required for any solid conclusions.

5.2

Parameter Analysis with Varied Fiber Angles and LV Segmentation
The result from partitioning the left ventricular model shows that the stress

distribution and the strain field in the diastolic phase of the myocardium cycle is very
dependent on the fiber angle orientation in each segment of the ventricular wall. Therefore,
in order to develop more precise patient specific model, the fiber orientation map of the
whole left ventricle is indispensable. The results also show that effect of myofiber
orientation is more pronounced than the effect of the sheet angle orientation. Therefore, it
can be concluded that considering the myofiber orientation at every location in the left
ventricle is computationally more helpful than sheet angle orientation in creating a model
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that better captures the essence of the geometrical deformation of the left ventricle in the
diastolic phase.

5.3

Patch Augmentation in Anterior Mitral Valve
The results of this study indicate that the implantation of a patch in the anterior

leaflet could increase the coaptation in the mitral valve. This implies reduced regurgitation
and has been proven experimentally in previous studies. It has also been found that the
material property of the patch plays an important role in coaptation of the leaflets as it
directly contributes to the forces in chords and papillary muscles. Accordingly, the forces
“transferred” from one set of chords to another by changing the material property of the
implanted patch. In designing a patch, the isotropic stiffness value plays the most important
role as its contribution to redistributing the forces in the chords is the most pronounced.
However, the circumferential stiffness also plays an important role in redistribution of the
forces, according to our study. Therefore, FE modelling of the patient specific heart using
MRI acquire data can help predict the outcome of the surgery in terms of potential changes
in coaptation and force distributions, which could help reduce complications associated
with the patch implantation on the left ventricle.

5.4

Patch Augmentation in Posterior Mitral Valve
To the best of the authors’ knowledge, this work presents the first dynamical FE

model of patch installation and deployment. This could lead to a reduction in the amount
of MR that can be observed. The conclusions of the posterior patch simulation are very
similar to the ones made for the anterior patch. However, the results of this modelling, lead
to more questions about the position of the implanted patch and the size of the patch, apart
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from the material and physical properties. Finally, this study reinforced the idea that using
FE simulations to understand the reason for this phenomenon could eventually improve
device design and reduce adverse tissue remodeling after installation. Ideally, this means
that long term complications, related to heart failure, can be mitigated.
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CHAPTER 6. LIMITATIONS AND FUTURE PLAN
The limitations and possible improvements in this dissertation can be divided into
two parts; a part that involves left ventricle modeling and a second part on patch
installation on the mitral valve.

6.1

Left Ventricle Simulations
The number of study cases in these simulations were limited to one case. Since

every organ in a single species do not exhibit similar geometrical and biomechanical
properties, the higher number of simulation cases can significantly improve the quality of
the research. The other improvement to the existing model is addition of the right ventricle
to improve the quality of the boundary condition. This upgrade can make the existing
models more realistic especially the pressure from the right ventricle can change the stress
distribution at least in the septal region. Also coupling the model with systems that mimic
the vascular system, including Winkessel model, can be another step towards a more
realistic simulation. The present literature is not in agreement about the best passive
constitutive model. Hence use of other laws in verifying the importance of fiber orientation
in various regions can be helpful.

6.2

Patch Augmentation Simulations

Apart from the abovementioned statements using a single model and the model being
geometrically incomplete for simplification reasons, both of the patch simulations had
limitations as well that can be improved in the future research. This study was novel
considering the nature of the simulation, specifically the installation of the patch.
Therefore, there are several limitations that one can suggest. One of the limitations was
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that in each study, the patches were limited to a specific location on the mitral valve. The
redistribution pattern in anterolateral and posteromedial chords implied the importance of
the location of the patch. Moreover, a patch sutured in a specific location, the initial size
of the patch needs further investigation. Last but not the least, various material properties
with directional dependence should also be studied.
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